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PREFACE
The UMR Journal has had an interesting but somewhat sporadic history. The topics o f papers that
appeared in UMR Journal 1 in 1968 under the general title of “A Coast to Coast Tectonic Study o f the
United States” covered the major tectonic features o f the contiguous U nited States from the m argin o f
the Atlantic continental shelf to the Pacific coast. Each paper was authored by a recognized expert for
the specific province reviewed. UMR Journal 2, which was published in 1971, related to “Alaska— Its
Mineral Potentials and Environm ental Challenges” . This UMR Journal 3 emphasizes the geology,
genesis, and energy resources of a m arginal basin and selected interior basins in the midcontinental
region o f the United States. Authors o f the papers were selected for their comprehensive knowledge o f
the subject areas. The papers were originally presented in a colloquium held in the Department o f
Geology and Geophysics at the University o f Missouri-Rolla during September and October o f 1980.
Because the Precambrian basement rocks as well as their composition and possible internal
structures in the sites o f the basins-to-be are considered essential to basin development, Edward C.
Lidiak, a long-tim e researcher on the basement rocks o f the M idcontinent and a contributor to the
basement map o f the United States,, initiated the colloquium. He was followed by L. L. Sloss, who
described the backyard he knows so well, the M ichigan basin. He succinctly and knowledgeably
described this classic basin and the problems associated with developing a model capable of
accom modating the known facts o f its history.
Although a presentation was originally scheduled for the Illinois basin, factors beyond the control o f
the colloquium convener and the selected author required a modification o f the subject matter. Hence,
H. R. Schwalb o f the Illinois State Geological Survey detailed the interface o f the southern part o f the
Illinois basin w ith the Mississippi Embayment. He presented some intriguing view s of this unique
tectonic area o f the Midcontinent.
Boyd R. H aley of the U.S. Geological Survey and semi-resident geologist o f Arkansas most ably
reviewed the results o f his research on the Arkoma basin. He illuminated the contrasts that exist
between a basin that is marginal to a mobile belt and a basin that is located on a craton.
The relatively young and less geologically developed Forest City-Salina basins were described by Don
W. Steeples o f the Kansas Geological Survey. His broad ranging report on the geology and geophysics of
these basins brought forth some novel concepts concerning the development o f the basins and their
energy resources.
The topic o f the final presentation o f the colloquium was concerned m ainly with the North Dakota
portion of the W illiston basin. Because o f the renewed and successful exploration efforts being expended
within this basin, this presentation by Lee C. Gerhard o f the North Dakota Geological Survey and
University o f North Dakota was and should be o f particular interest to members o f the profession. He
thoroughly documented his subject and added new approaches to the solution o f problems related to
basin development and energy sources.
We believe that this printed record o f these presentations will be read with interest by members o f the
geologic profession, in industry, government, and academia. It is our hope that it w ill assist in the
understanding o f the geology and genesis o f the basins and in the continued development of their energy
resources.
The V. H. NcNutt Colloquium series has been sponsored by the V. H. McNutt M em orial Foundation,
which was initially established for the Department of Geology of the University o f M issouri School of
M ines and Metallurgy, now the University of Missouri-Rolla, through the generosity and thoughtful
ness of Mrs. V. H. McNutt, wife o f the late Vachael H. McNutt, well known as “ M ac” . It was he who
discovered the Carlsbad potash salt deposits and numerous oil and gas fields in the United States. Mac
was a graduate o f the Missouri School of Mines and M etallurgy in 1912 and was a m em ber o f the faculty
o f the Department o f Geology before beginning his eminently successful consulting career. His
co-worker, Mrs. Mac, as she is affectionately known, established the V. H. M cNutt M em orial Foundation
in his memory, stating that she wanted to show in some form more concrete than words the debt that
both o f them owed to the Department for the training Mac had received.
Income from the Foundation has been a great boon to hundreds of students in geology. It has provided
them with undergraduate scholarships, summer field camp scholarships, graduate fellowships, and
other forms o f financial aid. The Department also benefits, because it can invite special speakers,

purchase selected equipm ent, support short course attendance for its faculty, and obtain supplemental
items, all through the incom e from the Foundation. It is also because o f this incom e that even a larger
segm ent o f the geologic profession can benefit through the publication o f the papers presented in
colloquium s such as these. To Mrs. Mac, wise counselor and dear friend, and to her late husband, M ac
we are ever grateful.
Paul Dean Proctor
John W. Koenig
Editors
The V. H. M cNutt Com m ittee - 1982
Department o f G eology and Geophysics
University o f M issouri-Rolla
S. K. Grant
R. E. Morgan, Chairm an
G. E. Rupert
Paul Dean Proctor
A. C. Spreng
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Basement Rocks of the Main Interior Basins of the Midcontinent
E d w a r d G . L id ia k *

ABSTRACT
The basement underlying the deeper basins in the Midcontinent is not well known because o f the considerable
thickness of overlying sedimentary rocks. However, gravity and magnetic surveys and sparse wells to basement
suggest that deeper intracratonic basins are characteristically underlain by denser and more magnetic rocks than in
adjacent areas. This correlation has important bearing on understanding the tectonic development and geologic
history of Midcontinent basins.
The Michigan basin is underlain by prominent, linear gravity and magnetic highs that extend across the southern
peninsula. A recent deep well to basement encountered basalt overlain by red clastic sedimentary rock. The
combined geophysical and geological data support the idea that the basin is underlain by a Precambrian rift zone.
The Illinois basin also contains prominent gravity and magnetic anomalies. The broad anomalies do not appear to
correlate with any specific rock type at or near the top of the basement and may instead reflect intrabasement
variation, such as major tectonic boundaries. The more local, closely spaced anomalies outline a complex reactivated
rift zone that trends generally northeast through the deepest part of the basin. The Williston basin is another deep
basin that is underlain by a linear gravity high. The gravity anomalies continue into Canada where they are
associated with granulites and major fault zones that occur near the boundary between the Superior and Churchill
provinces. The few wells to basement in the deeper parts of the Williston basin along the gravity high encountered
granulites and other high-grade metamorphic rocks, suggesting that a major tectonic boundary similar to that
occurring in Canada is present in the basement underlying the basin. The Forest City and Salina basins contain less
distinct gravity highs, which occur on opposite sides and are partly obscured by the well known Midcontinent gravity
high and rift zone. The remaining basin under discussion, the Arkoma basin, differs from those previously discussed
in that it contains a large gravity low, which probably reflects the development of an extremely thick section of
sedimentary rocks along the Ouachita structural belt. The Arkoma is, thus, more comparable to the Appalachian
basin than to the other basins, which are totally within the craton.
The basins of the Midcontinent have apparently not all had the same tectonic development and are probably more
complex than generally envisioned. A generalization which appears to be a useful working hypothesis is that
intracratonic basins of the continental interior differ from foreland basins and originated by reactivation of older
structures during periods of extensional tectonism. Consideration of basin development should take into account the
Precambrian as well as the overlying Phanerozoic rocks.

INTRODUCTION
The origin and development of basins have long
been an intriguing problem in the geology o f
continents. In general, the deep structures, rock
units, and early history are particularly obscure.
Work initiated by M uehlberger and others (1967)
on general basem ent rock studies in the M idcon
tinent suggested that basins are different from
arches and plains. Little direct knowledge on the
lithology o f the basement underlying the basins
was available in this early study. Direct sampling
o f the basement in the deeper basins is still ex
tremely limited. However, the increasing avail
ability of regional and more detailed gravity and
magnetic maps, seismic profiles, and geologic data
provide a basis for interpreting the development of
Midcontinent basins.
The purpose o f this paper is to discuss the
Precambrian framework o f the M ichigan, Illinois,
Williston, Salina-Forest City, and Arkom a basins,
to categorize basins according to type that occur in
the Midcontinent and immediately adjacent areas,
to contrast intracratonic basins from foreland

basins and aulacogens, and to discuss the possible
origin o f intracratonic basins o f the Midcontinent.
The location o f the main basins in the general
area of the M idcontinent is shown on Figure 1.
Acknowledgments. This report was supported by
National Aeronautics and Space Administration
Grant Number NSG-5270. The author expresses
his appreciation to Herman H. Thomas for his
interest and cooperation. Thom as H. Anderson
reviewed the manuscript. Discussion with David
Baker on the W illiston basin is gratefully ac
knowledged. The paper is dedicated to the memory
o f my wife, Fran.

MICHIGAN BASIN
Structural Framework
The M ichigan basin is a prominent and welldocumented cratonic basin that occupies the south
ern peninsula o f Michigan. It contains an esti
mated maximum thickness o f more than 15,000
feet o f Phanerozoic sedim entary rocks that accu
mulated during subsidence dominated by flexure
rather than by faulting (Cohee, 1945; Hinze and

*Department o f Geology and Planetary Science, University of Pittsburgh, Pittsburgh, Pennsylvania 15260.
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Fig. 1. Distribution of basins in the Midcontinent region, United States. Contours are in thousands of feet on
the buried basement surface. Basin abbreviations: A - Arkoma, B - Black Warrior, DL - Delaware, D- Denver,
F - Forest City, I - Illinois, M - Michigan, O - Southern Oklahoma, S - Salina, W - Williston. Exposed
Precambrian, cross-hatched pattern. Ouachita system, dotted pattern. Adapted from Flawn (1967).

others, 1975; Sleep and Sloss, 1978). The Pre
cambrian basement underlying these cover rocks
is broadly oval in outline with little or no smallscale topographic relief (Fig. 2).

Basement Rocks and Regional Geophysics
Limited samples are available from the base
ment, which has been penetrated by a total o f 22
wells. M ost wells are in the southeastern part of
the basin where depth to basement is generally
less than about 7,000 feet. A s a consequence,
regional geophysical studies, m ainly gravity and
magnetic surveys, are the main source o f informa
tion on the lithology and structure o f the base
ment. The M ichigan basin is an excellent example
o f the combined use o f regional geophysical and
UMR Journal, No. 3 (December 1982)

limited basement well data in interpreting base
ment geology.
The main geophysical feature o f the Michigan
basin is a prominent linear Bouguer gravity (Fig.
3) and m agnetic high that trends north to north
west across the southern peninsula (Hinze, 1963;
Hinze and others, 1975). The magnitudes of these
anomalies clearly indicate that they originate
from lithologic and structural variations in the
basement rather than from sources in the overly
ing sedimentary rocks. Hinze and co-workers
(Hinze, 1963; Oray and others, 1973; Hinze and
others, 1971, 1975) have correlated these anoma
lies with middle Keweenawan basalts and associ
ated upper Keweenawan clastic sedimentary rocks
and postulated that the rocks accumulated in a
continental rift zone o f Keweenawan age, similar

Basement Rocks
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Fig. 2. Geologic map of basement rocks in the Michigan basin. Basement configuration contours, in thousands of
feet, from Bayley and Muehlberger (1968).
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F ig . 3. Bouguer gravity map of the Michigan basin. Contour interval is 10 mgal. From Am. Geophys. Union and

U.S. Geol. Survey (1964). Gravity highs - stippled pattern. Dashed hachure line outlining the Michigan basin is the
-5,000 ft. contour o f Figure 2.

to the rift that developed along the Midcontinent
gravity anomaly (K in g and Zietz, 1971; Ocola and
Meyer, 1973).
The main basem ent provinces and the lithology
of available basem ent well samples are shown on
Figure 2, which is adapted from Hinze and others
(1975). Recent w ells to basement have been added.
Delineation o f the provinces is based on lithology
of basement well samples, isotopic ages, and
UMR Journal, No. 3 (December 1982)

extrapolation o f geologic trends from the exposed
Precambrian shield to the immediate north and
west o f the Michigan basin. Four m ain provinces
are recognized. The presence o f the oldest prov
ince, the Penokean province, in the northern part
o f the basin is based entirely on extrapolation of
geophysical and structural trends. Inferred rock
types are m ainly m etasedim entary rocks, metavolcanic rocks, and gneisses. These rocks were

9
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probably deformed and metamorphosed 1600-1800
m.y. ago, during the Penokean orogeny.
The Central province occupies the southwestern
part of the basin, and is widespread in the north
ern and eastern M idcontinent o f the United States
(Lidiak and others, 1966). The main rock types
consist o f granite, rhyolite, and related rocks;
metasedimentary rocks and gneisses are subordi
nate. Isotopic ages in the range o f 1200 m.y. to
1500 m.y. have been obtained on samples from
adjacent areas.
The third province, the Keweenawan province
(1050-1150 m.y.), coincides with the prominent
gravity (Fig. 3) and m agnetic anomalies that
transect the M ichigan basin. A recent deep
drillhole on the gravity anom aly in Gratiot Coun
ty, M ichigan, encountered pre-Mt. Simon (Upper
Cambrian) lithified red mudstone and interbedded
arkosic sandstone underlain by coarsely ophitic
metabasalts (Sleep and Sloss, 1978; M cCallister
and others, 1978; Fowler and Kuenzi, 1978). Two
other deep wells on Beaver Island in Lake M ichi
gan on the western flank of the linear gravity
anomaly also encountered a sim ilar red-bed se
quence (Fowler and Kuenzi, 1978). The pre-Mt.
Simon rocks in these three wells are strikingly
similar to the middle Keweenawan basalts and
upper Keweenawan sedim entary rocks o f the Lake
Superior region. The com bined geological and
geophysical data thus strongly suggest the pres
ence in the M ichigan basin o f Keweenawan-age
rift zone.
Grenville-like rocks compose the fourth prov
ince, which extends southwestward from the Ca
nadian Shield across the eastern margin o f the
basin and continues southward into Ohio. The
province is characterized by medium- to highgrade metamorphic rocks, gneisses, and granites.
Anorthosites and calc-silicate rocks are present
locally. Prominent gravity and m agnetic anom a
lies parallel the G renville trend along most o f its
extent. The youngest major period o f m etam or
phism and igneous activity occurred about 1100
m.y. ago. K -A r and Rb-Sr ages o f 800-1100 m.y. on
micas reflect later tectonic or thermal disturbance
and probably deep burial and subsequent uplift.
An important aspect o f the Grenville front in this
region is that the front appears to crosscut the
Keweenawan rift zone. Hinze and others (1975)
have noted that there is no correlative positive
magnetic anomaly associated with the southeast
trending gravity anom alies east o f about longi
tude 83° 45’W, which is near the boundary between
these two provinces. The absence of a magnetic
anomaly suggests that basalt is not present at or
near the basement surface east o f this boundary,
probably because o f erosion and uplift during

G renville orogenic activity. The eastward contin
uation o f the gravity feature is attributed to an
intrabasement anomaly, perhaps reflecting meta
morphosed Keweenawan m afic intrusive rocks at
depth.

ILLINOIS BASIN
Structural Framework
The Illinois basin occupies m ost o f southern and
central Illinois and adjacent parts o f Indiana,
Kentucky, and Tennessee. The basin is moder
ately elongate in a north-northwestern direction
and is bounded by the Ozark uplift to the west, the
Pascola arch to the south, and the Nashville dome
to the east. The basin has a maximum depth o f
about 15,000 feet in southern Illinois (Fig. 4).
Complex structures occur in the deeper parts o f
the basin at the intersection o f the extension of the
New Madrid seism ic zone and the 38th-Parallel
lineam ent (Heyl, 1972; B raile and others, in
press). This region is centered on the most in
tensely faulted area in the central cratonic United
States. The other major structure in the basin is
the La Salle anticlinal belt, the western edge of
which is a m onocline that slopes steeply westward
(W ilm an and others, 1975). Many sm aller struc
tures are present throughout the basin.

Basement Rocks and Regional
Geophysical Setting
Approxim ately 18 wells have been drilled to
basement or to pre-Mt. Sim on (Upper Cambrian)
sedimentary rocks in the general area of the
Illinois basin. Their distribution and lithology are
shown on Figure 4. The m ain rock types are
granite, rhyolite, trachyte, basalt, and unmeta
morphosed sedimentary rock. The felsic igneous
rocks are petrographically sim ilar to the granites,
rhyolites, and trachytes o f the St. Francois Moun
tains, which formed 1400-1500 m.y. ago. These
rocks are part o f a great elongate northeast
trending anorogenic felsic igneous province that is
extensively developed in the central craton of the
United States (Engel, 1963; Goldich and others,
1966; Lidiak and others, 1966; M uehlberger and
others, 1966, 1967; Silver and others, 1977;
Emslie, 1978; Denison and others, in press).
Regional geophysical anom alies indicate that
dense and m agnetic rocks are also com mon at the
basement surface or in the basement infrastruc
ture beneath the Illinois basin. A Bouguer gravity
map o f the basin (Fig. 5) shows a broad high that
has a regional northwest trend and along which
occur more local highs. Sim ilar trending aerom agnetic anom alies are also present (Lidiak and
Zietz, 1976). More detailed maps (Braile and
others, in press) confirm these anomalies, show
UMR Journal, No. 3 (December 1982)
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Fig. 4. Geologic map of basement rocks in the Illinois basin. Basement configuration
contours, in thousands of feet, from Bayley and Muehlberger (1968). SGFZ - Ste. Genevieve
fault zone.
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Fig. 5. Bouguer gravity map o f the Illinois basin. Contour interval is 10 mgal. From Am.
Geophys. Union and U.S. Geol. Survey (1964). Gravity highs - stippled pattern. Dashed
hachure line outlining the Illinois basin is the -5,000 ft. contour of Figure 4.

the linear trends more definitively, and outline an
important cross trend o f local anomalies toward
the northeast. The presence o f both steep and
broad gravity and m agnetic gradients suggest
that both shallow and deep sources are involved.
The most probable causes of the shallower anom a
lies are a series o f associated m afic (and ultramafic?) volcanic and intrusive rocks that have

been em placed along a major northeast-trending
rift com plex that is discussed in the next section.
The presence o f basalts in the basem ent o f south
ern Indiana and western K entucky (Fig. 4) repre
sent exam ples o f these mafic rocks that occur at
the basem ent surface. The broader anomalies may
represent the deeper m anifestations o f these mafic
rocks. The considerable regional extent o f the
UMR Journal, No. 3 (December 1982)
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broad northwest-trending gradient suggests more
probably that the anom alies m ay reflect a major
crustal province boundary along which contrast
ing rock types are juxtaposed.
Pre-Upper Cambrian sedimentary rocks are
also present in the Illinois basin (Lidiak and
Hinze, 1980; Schwalb and others, 1980). An excel
lent example occurs in the Texas Pacific No. 1
Farley well, Johnson County, Illinois. The well
penetrated 774 feet of white to red quartz sand
stone and arkosic sandstone w ith thin layers o f red
siltstone beneath the Mt. Simon Formation; crys
talline basement was not reached. Lidiak and
Hinze (1980) have proposed that the sedimentary
rocks are m ainly preserved in ancient northeast
trending grabens associated w ith rift complexes.

Tectonic Interpretation
The Illinois basin is both a depositional and a
structural basin. Its present configuration dates
from late Paleozoic-early Mesozoic time (Bond and
others, 1971; W ilm an and others, 1975). Extensive
basinal sedim entation began in Cambrian time
during developm ent of the Reelfoot basin, which
encompassed an area including both the presentday Illinois basin and Mississippi Embayment
(Schwalb, 1969). The Illinois basin, open to the
south and the site o f sedim entation during most of
Paleozoic time, w as closed by uplift o f the Pascola
arch, near the end o f the Paleozoic era (Bond and
others, 1971). The arch connects the Ozark uplift
with the N ashville dome. The modern Mississippi
Em baym ent developed as a structural trough in
Last Cretaceous and Tertiary time.
Ervin and M cGinnis (1975) proposed that the
Reelfoot basin is underlain by a Late Precambrian
aulacogen (Reelfoot rift) that form ed by em place
m ent of anom alous mantle m aterial and local
intrusives into the crust. They regard this struc
ture to be part o f a period of widespread rifting
that occurred prior to the formation o f the Appalachian-Ouachita m ountain belt. According to
Ervin and M cGinnis (1975), the rifting was fol
lowed by subsidence in Paleozoic tim e and by
reactivation of the rift in Mesozoic time to form the
modern M ississippi Embayment. Hildenbrand
and others (1977) have used a linear series of
circular positive gravity and m agnetic anomalies,
which presently delim it the seismic activity in the
New Madrid area, to outline this buried rift zone.
They regard the rift zone as having been active
periodically since the Precambrian. Evidence for
the extension o f the rift zone northeastward
through the deepest part o f the Illinois basin has
been presented by Braile and others (in press) and
is referred to by them as the N ew M adrid Linear
Tectonic Feature. The trend o f this structure
UMR Journal, No. 3 (December 1982)

through the basin is shown on Figure 4. An
eastward extension o f this rift zone continues into
western K entucky and form s the Rough Creek
graben. Soderberg and K eller (1981) regard this
graben as a reactivated structure that formed in
Late Precam brian-early Paleozoic tim e.
The most prom inent features on the gravity
(Fig. 5) and m agnetic maps o f the Illinois basin are
west-northwest-trending anomalies. These anom 
alies are particularly evident on m agnetic maps
(Lidiak and Zietz, 1976; Braile and others, in
press) where a pronounced m agnetic gradient
trends through western Kentucky, southern Illi
nois, and eastern M issouri. The gradient and
associated anom alies closely parallel the Ste.
Genevieve fault zone (long. 90°W, lat. 38°N) but
are m uch more extensive and can be traced across
Missouri and into Tennessee. Prelim inary m odel
ing o f the anom alies suggests that the causative
bodies have a significant depth extent (Braile and
others, in press). The gradient thus probably
largely reflects a major lithologic province bound
ary. The Ste. Genevieve fault is regarded as a
reactivated fault along an older Precam brian
structure.
The Illinois basin is an excellent exam ple o f a
Phanerozoic intracratonic basin that has devel
oped in part along the site o f an older, larger
structure, the Reelfoot basin. This correspondence
suggests that the Illinois basin is a superposed
structure. The older Reelfoot basin represents a
preexisting zone o f weakness that exercised con
trol on the younger Illinois basin and M ississippi
Embayment. Reactivation served to localize the
younger structure but did not produce an identical
feature, presumably because the stress fields were
different. Stresses are obviously generated by a
variety of tectonic forces, and forces producing a
younger structure m ay be com pletely alien to
those responsible for an older structure (Hinze and
others, 1980).

WILLISTON BASIN
Structural Framework
The W illiston basin, w hich occurs near the
junction o f the international boundary and the
North Dakota-M ontana line, occupies western
North Dakota and adjacent parts o f Montana,
South Dakota, M anitoba, and Saskatchewan (Fig.
6). It is both a structural and a sedim entary basin,
w hich dates back to the Cambrian. The present
basin was shaped in Late Cretaceous-early Ter
tiary tim e by Laramide orogeny. The basin is
bounded on the northwest, west, and southwest by
a series o f domes and anticlines; on the southeast
and northeast it m erges gradually w ith the slop-
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ing Precambrian shelf. W ithin the basin proper is
the north-trending Nesson anticline at long.
103°W, lat. 48°N. The flanks o f these anticlines
and domes dip gently, on the order o f several
degrees only. The Precam brian surface is charac
terized by a relatively gentle slope; maximum
depth to basement in the W illiston basin is about
16,700 feet (Gerhard, this volume).
The W illiston basin had been deformed only
during Phanerozoic time. The Precambrian rocks
have thus rem ained a structural entity since the
Precambrian, and their present distribution re
flects m ainly Precam brian structural trends.

Basement Rocks and Regional Geophysics
Approxim ately 42 wells have been drilled to

basement in the general area o f the W illiston
basin (Fig. 6). Most o f the w ells are located on the
shallow eastern flank; only about 12 wells have
penetrated the basement in the deeper parts of the
basin at depths greater than 10,000 feet. The main
rock types are medium- to high-grade sialic metamorphic rocks, granites, and granodiorites. Their
distribution is shown on Figure 6.
The combined use o f the sparse lithologic data,
isotopic age determ inations, and regional geo
physical maps permits the recognition of two m ain
geological provinces in the area. The boundary
between the subsurface extension o f the Superior
and Churchill provinces trends southward across
the eastern flank o f the W illiston basin (Fig. 6)
along an abrupt change in the trend of Bouguer
UMR Journal, No. 3 (December 1982)

14
gravity anom alies. To the east, they trend eastnortheast and are associated with greenstones,
granites, and high-grade gneisses of Archean age;
to the west the anom alies have a general northerly
trend and are associated with medium- to highgrade m etam orphic rocks, granites, and granodiorites o f lower Proterozoic age (Peterman and
Hedge, 1964; Goldich and others, 1966; Muehlberger and others, 1967; Lidiak, 1971).
One o f the more striking features o f the W il
liston basin is the large gravity high in the
interior o f the basin. A s shown on Figure 7, the
anom aly is broad and reaches values as high as
about -30 m illigals. The anom aly continues in
Canada where it bifurcates into two prominent
linear highs separated by a low (cf. Am . Geophys.
Union and U.S. Geol. Survey, 1964; Observ.
Branch, 1964). The eastern o f these highs merges
w ith the Nelson River high o f Innes (1960). The
western anom aly may also join the N elson high
via an arcuate path, but evidence for this trend is
less com pelling because o f a com plex anomaly
pattern in central Saskatchewan. W ilson and
Brisbin (1961,1962) report that the N elson River
gravity high is underlain m ainly by a high-grade
gneiss zone and that a gravity low im m ediately to
the northwest coincides with a zone o f faulting,
am phibolite-grade gneisses, and serpentinized
peridotites. Bell (1964; 1966; 1971), Patterson
(1963) and others have shown that the rocks in the
im m ediate vicinity o f the Nelson R iver consist
m ainly o f granulites, charnockites, and retro
grade gneisses. Bell (1964) further reported that
granulites underlie the N elson River gravity high,
in agreem ent w ith studies by Gibb (1968 a, b) who
found excellent correlation between surface Pre
cam brian rocks, their densities, and the Bouguer
anomalies. Gibb dem onstrated that the granu
lites, having an average density o f 2.73 ± 0.15
gm /cm 3, can account for the N elson River gravity
high. The main fault zones in the region are
regarded by Gibb (1968 b) and K ornik (1969) as
being m ajor dislocations that extend deep into the
crust.
The boundary betw een the Churchill and Supe
rior provinces in northern M anitoba has been
located at different places in the im m ediate vicin
ity o f the Nelson River gravity high (Bell, 1966,
1971; Cranstone and Turek, 1976; W eber and
Scoates, 1978; Green and others, 1979). Green and
others (1979) recognized a broad boundary zone
that includes the N elson River gravity high and
adjacent gravity low. They extend the boundary
southward beneath the overlying Phanerozoic sed
im entary rocks by using a new ly-com piled re
gional m agnetic map. This boundary lines up with
the Superior-Churchill boundary in the northern
UMR Journal, No. 3 (December 1982)
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United States (Goldich and others, 1966; Muehlberger and others, 1967) and occurs along the east
flank o f the broad gravity high. The deeper parts
of the W illiston basin thus lie im m ediately west o f
this prom inent Precam brian boundary.
Twenty-two wells have been drilled to basement
along the broad gravity high (Fig. 7) in western
North Dakota. The m ain rock types are granulitegrade hypersthene gneiss, am phibolite-grade gar
net, hornblende, or biotite gneiss, granodiorite,
and trondhjemite. The latter two rock types are
clearly suggestive of orogenic derivation. These
metamorphic and igneous rocks are clearly insuf
ficient to characterize com pletely the basement
under the broad anomaly. The relations are, how
ever, consistent with those reported from the
Nelson River zone in Canada and suggest that the
gravity high in the W illiston is at least partially
attributable to granulite and am phibolite facies
rocks and igneous rocks o f interm ediate com posi
tion at and near the basem ent surface. The meta
morphic rocks formed deep in the crust and would
be expected to have a higher density than rocks
metamorphosed at shallower depths. For example,
a cylindrical bottom hole core from a granulite in
McKenzie County, North Dakota has a measured
density o f 2.74 gm /cm 3. Similarly, the granodiorites and trondhjem ites are typically denser than
more granitic rocks.

Monzonites, syenites, and Nesson horst. Monzonites and syenites also occur in the W illis
ton basin, and their presence poses an interesting
problem of distribution and age. The three known
occurrences are on the Nesson anticline, which is
regarded here as being a horst. The monzonites
and syenites are overlain by Upper CambrianLower Ordovician rocks, w hich contain lithic frag
ments o f these felsic rocks. Feldspathic igneous
bodies o f this type are typically sm all and occur
m ainly as stocks, laccoliths, dikes, and sills. The
only other feldspathic rocks in the general region
o f the W illiston basin are in the Little Rocky
Mountains of M ontana and in the northern part
o f the Black H ills o f South Dakota and W yoming.
These rocks were emplaced and uplifted to their
present position along tectonic highs in late
M esozoic-Tertiary times. Peterm an and Hedge
(1964) dated K feldspar by Rb-Sr methods from
one o f the monzonites along the Nesson horst and
obtained an apparent Late Precam brian age. The
basement high, which the monzonites compose, is
regarded by them as having been a center o f
post-Middle Precam brian igneous activity. The
monzonites and syenites probably have lim ited
extent in the W illiston basin. Their presence
along the Nesson horst and in the adjoining
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F ig . 7. Bouguer gravity map of the Williston basin. Contour interval is 10 mgal. From Am.Geophys. Union and U.S.
Geol. Survey (1964). Gravity highs - stippled pattern. Dashed hachure line outlining the Williston basin is the -7,000
ft. contour of Figure 6.

exposed areas indicates that felsic igneous activ
ity occurred in the region during more than one
period o f time. The Nesson horst may thus repre
sent an resurgent structure within the W illiston
basin.

Cryptoexplosion structures. - Probable astroblemes or fossil m eteorite craters have been iden
tified w ithin the W illiston basin in the subsurface
o f Saskatchewan, M anitoba, and North Dakota
(Sawatzky, 1972, 1975). The structures are circu
lar in outline and contain local intensely deformed
strata. Shatter cones have been recognized in
cores from M cK enzie County, N orth Dakota
(Sawatzky, 1975). Com m ercial hydrocarbon pro
duction occurs along the rims o f some o f the
structures. One o f these probable astroblemes in
Renville County, North Dakota, has deformed the
basement. The basem ent rocks encountered in
several deep holes to the Renville County struc
ture are highly deform ed am phibolite-grade gar
net and biotite gneisses. Superimposed on the
earlier gneissic foliation are irregular, generally

sub-horizontal shear planes, cataclastic and
m ylonitic surfaces, and brecciated zones, all of
high complexity. The am phibolite-grade foliation
has been largely disrupted. Most o f the secondary
surfaces are closely spaced. Rounded rock frag
ments predom inate over angular fragments in the
brecciated m atrix. Definitive m eteorite impact
features have not yet been recognized in the
basement rocks. These local structures probably
have no direct relation to the tectonic development
o f the basin.

Tectonic Interpretation
The presence o f gran ulite-grade and am phibo
lite-grade gneisses and igneous rocks o f interm e
diate com position near the basem ent surface has
an im portant im plication for the tectonic devel
opment o f the W illiston basin, w hich is com m only
regarded as dating back to the Cambrian at which
time subsidence began. Its history, however, is
more com plex. The basin probably owes its early
development to processes operating in Precambrian
UMR Journal, No. 3 (December 1982)
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time. An explanation o f the gravity highs and the
high-grade gneisses in the W illiston basin seem
ingly requires m ajor crustal uplift and accompa
nying erosion in the area now underlain by the
gravity feature. The tim e to uplift cannot be stated
precisely; it probably began after the widespread
1800 m.y.-old m etamorphism, and m ay have con
tinued into Late Precam brian or Early Cambrian
time. Fault zones containing dense crustal rocks,
such as the granulites, were brought to the base
ment surface. A gravity high could be produced by
the juxtaposition of deep and shallow crustal
rocks. The possibility o f portions o f the Williston
basin being underlain by a complex orogenic
boundary sim ilar to that occurring along the
Nelson River area in Canada w ill require further
more detailed studies.

SALINA AND FOREST CITY BASINS
Structural Framework
The Salina and Forest City basins are structural
and depositional basins. Both are shallow basins,
having a depth to basement o f about 4000 feet.
Configuration o f the basement surface is shown on
Figure 8. The tw o basins are separated by the
prominent north-trending Nemaha uplift, a Late
Mississippian (pre-Desm oinesian)-Early Pennsyl
vanian structure (Merriam, 1963; A dler and oth
ers, 1971). Prior to that time, a single basin, the
North Kansas (or Iowa) basin was present.
The Salina basin is limited on the north by the
Siouxana arch, on the east and southeast by the
Nemaha ridge, on the west by the Cambridge
arch, and on the southwest by the Central Kansas
uplift. Secondary structures within the basin are
outlined by Cole (1962) and Carlson (1967). The
geologic history o f the Kansas portion o f the basin
is summarized by Lee (1956). The Nebraska part is
summarized by Reed (1954) and Carlson (1963).
Structural features that outline the Forest City
basin are the Thurm an-Redfield fault to the north,
the Mississippi R iver arch to the east, the Nemaha
ridge to the west, and the Bourbon arch to the
south. Within th e basin are two opposing struc
tural trends, an older northwest trend and a
younger northeast trend. Anderson and Wells
(1968) discuss th e geologic history o f the basin.

Basement Rocks and Regional Geophysics
Numerous w ells to basem ent have been drilled
along the arches and ridges that encircle the two
basins. The basem ent geology in these contiguous
areas are described elsewhere (M uehlberger and
others, 1967; Lidiak, 1972; Kisvarsanyi, 1974;
Denison and others, in press; Bickford and others,
1981). In contrast to the uplifts, only a few wells to
UMR Journal, No. 3 (December 1982)

basement have been drilled in the basins proper.
As in the other basins, interpretation o f the
basement geology thus requires not only study o f
the available wells to basement but also an evalu
ation o f the regional geophysical anomalies.
The wells to basement in the Salina and Forest
City basins are shown in Figure 8. The available
data suggest that the m ain rock types in the
northern part o f the Salina basin are gneissoid
rocks o f granite and granodiorite composition,
nonfoliated anorogenic granite and granodiorite,
and minor silicic m etam orphic rocks (Denison and
others, in press). The southern part o f the basin is
underlain by Keweenawan basalts and associated
immature sedimentary rocks. There are no wells
to basement near the center of the basin.
The type o f basement rocks in the Forest City
basin is also poorly known. Gneissoid granitic
rocks have been encountered along the western
flank and near the center o f the basin. Keweenawan
basalts and associated sedimentary rocks occur in
a northeast-trending belt in the northern part o f
the basin. The lithology o f the basem ent in the
remainder o f the basin is unknown because o f the
complete lack of well control.
Gravity anomalies suggest that additional mafic
rocks may be present w ithin the basem ent o f both
basins. Figure 9 is a Bouguer gravity map o f the
two-basin area. The pronounced northeast
trending gravity high and flanking low are part of
the well-known M idcontinent gravity anomaly
These anomalies coincide with a major continen
tal rift zone in w hich a thick sequence o f
Keweenawan basaltic and associated sedimentary
rocks accumulated (K ing and Zietz, 1971; Lidiak,
1972; Ocola and Meyer, 1973). Other gravity highs
are also present within both basins. In the eastcentral part o f the Salina basin at longitude 98°W
along the Kansas-Nebraska state line is a broad
gravity high. Two other broad highs occur to the
south-southwest, form ing an apparent trend that
parallels the M idcontinent gravity anomaly in
Kansas. In the Forest City basin at lat. 40°N, long.
95°W is a small gravity high that occurs im m edi
ately south o f the deepest part o f the basin. The
low amplitude and broad gradients associated
with these basinal anom alies suggest that the
source is buried at depth within the intrabase
ment. Their proxim ity and the parallelism o f the
anomalies in the Salina basin to the M idcontinent
gravity anomaly suggest a relationship. The anom
alies possibly reflect the intrusion of gabbroic
igneous rock at moderate depth within the sialic
crust. Steeples (this volume) shows that an anom 
alous mantle occurs along a broad zone beneath
both the Salina and Forest City basins and is
centered on the M idcontinent gravity anomaly.
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Fig. 8. Geologic map of basement rocks in the Salina and Forest City basins. Basement configuration contours, in
thousands of feet, from Bayley and Muehlberger (1968).

Fig. 9. Bouguer gravity map of the Salina and Forest City basins. Contour interval is 10 mgals. From Am. Geophys.
Union and U.S. Geol. Survey (1964). Gravity highs - stippled pattern. Dashed hachure line for each basin is the -2,000
ft. contour o f Figure 8.
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ARKOMA BASIN
Structural Framework

The Arkoma basin is an elongate east-northeast-trending structural and depositional basin
that is bounded on the north by the Ozark uplift
and on the south by the Ouachita Mountain
system (Fig. 10). The basin, once part of the larger
Ouachita geosyncline, formed in late Paleozoic
time during the Ouachita orogeny and contains
over 30,000 feet of pre-Missourian Pennsylvanian
strata (Flawn and others, 1961; Branan, 1968).
Two main structural patterns occur in the
basin. To the south are numerous east-trending
anticlines, synclines, and northward-thrust faults.
The folds and faults occur with increasing inten
sity toward the Ouachita front. Maximum sedi
mentary thickness and the deepest part of the
basin is adjacent to the Ouachita front in the
region of greatest thrusting and folding. This
structural style gives way toward the north to
high-angle block faulting. These faults probably
formed during basinal subsidence.

Basement Rocks and Regional Geophysics
Three wells have been drilled to basement in the
Arkoma basin. All are located along the steep
northern slope (Fig. 10). Two of the wells bottomed
in metarhyolite porphyry and the other encoun
tered a medium-grained two-feldspar hornblende
granite (Denison, 1966, in press). Rb-Sr ages of
1270 m.y. on the metarhyolite and 1240 m.y. on
feldspar from the granite indicate that the gran
ite is younger than the rhyolite and may have
metamorphosed it (Muehlberger and other, 1966;
Denison, 1966, in press).
Figure 11 is a Bouguer gravity map of the
Arkoma basin. A prominent -100 milligal gravity
low strikes east-northeast through the center of
the basin. The close similarity between the base
ment configuration (Fig. 10) and the gravity
anomaly contours is due to the fact that the form
and depth of the deep basin is based on the gravity
data (Bayley and Muehlberger, 1968).
The most significant feature of Figure 11 is the
-100 milligal gravity low that occurs in the area of
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P a l eo zo i c R o c k s
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Fig. 10. Basement configuration map of the Arkoma basin. Contours, in thousands of feet, are from
Bayley and Muehlberger (1968).
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Fig. 11. Bouguer gravity map of the Arkoma basin. Contour interval is 10 mgal. From Am. Geophys.
Union and U.S. Geol. Survey (1964).

the Arkom a basin. The basin thus differs from
those previously described in this report in the
absence o f a gravity high and in the large m agni
tude o f the gravity low. The gravity anomalies
suggest that the basin is filled w ith a thick section
of low-density sedimentary rocks. The absence o f a
gravity high implies that the basement consists o f
low or moderate density material. Consistent with
this interpretation is the presence o f rhyolite and
granite along the north flank of the basin. Rocks o f
this type are probably widespread in the basement
beneath the Arkoma basin. If denser basement
rocks are present, they are evidently masked by
the thick sedimentary sequence.

DISCUSSION
Types of Midcontinent Basins
The origin and development o f basins in conti
nental areas have long been controversial topics.
Basins typically contain a thick accum ulation o f
sedimentary rocks that accum ulated over a long
time span. Igneous rocks are sparse or absent;
where present they occur as m inor intrusions,
dikes, sills, laccoliths, or as thin ash layers and
were generally emplaced in the later stages o f
basin development. The rocks filling the basins
are unmetamorphosed except the deepest parts
where incipient effects m ay be present. Structures
within basins are generally subtle and consist o f

minor folds and normal or strike-slip faults. In
basins adjacent to orogenic belts, more com plex
folds, thrust faults, and listric faults may occur.
The early history o f most basins is imperfectly
known because of deep burial.
Recently, several models have been proposed to
account for the origin o f major continental basins.
These models involve essentially a prolonged
one-stage process that includes the generation o f a
thermal anom aly followed by therm al contraction
(Sleep, 1971; Sleep and Snell, 1976; Haxby and
others, 1976) or extensional tectonism accom pa
nied by a therm al anomaly (McKenzie, 1978;
Jarvis and M cKenzie, 1980). These theories ac
count for many aspects of basin development but
do not appear to be consistent with the general
absence o f thermal effects within most basins.
A second prom inent problem involves the fact
that not all basins have had the same origin. On
regional geologic considerations alone, basins that
form in foreland areas marginal to orogenic belts
such as the Appalachian basin and the Arkom a
basin are distinguishable from basins, such as the
M ichigan basin, that occur in intracratonic areas
(Umbgrove, 1947; Kay, 1951; King, 1959). Foreland
basins are closely associated with orogenic belts
and are apparently compatible with an origin by a
one-stage process. Characteristic features are the
development o f a deep downwarped basin parallel
to the m ountain front, orogenic sedimentary patUMR Journal, No. 3 (December 1982)
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terns, and orogenic structural styles. Basin
development and deposition are in part syn
chronous with com pressional folding in the adja
cent orogenic belt (Cooper, 1968; Rodgers, 1970;
Cloos, 1971). In contrast to these basins are
intracratonic basins, which are rem oved from
orogenic belts and occur in areas o f subsidence.
These basins are m ainly nonlinear in outline,
contain mostly m ature sedim entary rocks, and are
essentially undeformed except for m inor block
faulting. A third type o f basin that is now widely
recognized is an aulacogen. These are long troughs
extending into continental cratons from fold belts
(Burke and Dewey, 1973; Hoffm an and others,
1974; Burke, 1977). Their properties include a
long history as an active structure, a thick, gently
folded sedim entary sequence, the em placem ent of
igneous rocks generally in the early stages of
development, a com plex of horsts and grabens
within the aulacogen, and the occurrence o f reac
tivated structures.
A compilation o f basins of the M idcontinent and
areas marginal to the craton reveals that all three
types of basins are present. The basins are shown
according to type in Table 1.
Table 1. Basins o f the Midcontinent and Adjacent
Areas, United States
A. Intracratonic Basins
Michigan Basin
Williston Basin
Illinois Basin
Salina-Forest City Basins
B. Foreland Basins
Arkoma Basin
Appalachian Basin
Denver Basin
Black Warrior Basin
C. Aulacogens
Southern Oklahoma
Mississipi Embayment
Delaware Basin

As discussed previously, intracratonic basins
are underlain by distinct geophysical anomalies,
either Bouguer gravity highs, m agnetic highs, or
both. M ost of th e anom alies are linear. They
reflect old, m ainly Precam brian structures, along
which dense and (or) m agnetic rock has been
juxtaposed against more typical sialic material.
The geophysical signatures and available base
m ent geological data o f each basin indicate that
the anomalies are attributable either to old basal
tic rift zones in th e basement com plex, or to major
Precambrian tectonic boundaries. M uehlberger
and others (1967) first recognized that a large
proportion of dense (mainly m afic) rock underlies
UMR Journal, No. 3 (December 1982)

these basins, and M cGinnis (1970) proposed that
the basins are sites o f collapsed one-stage rift
systems.
In contrast to intracratonic basins, foreland
basins do not appear to be associated with gravity
or m agnetic highs. These basins are underlain
instead by gravity lows which, in part, reflect a
thick accumulation o f sedimentary material. A
possible exception is the Black Warrior basin
which contains a prom inent gravity high in the
northern part. However, the Black W arrior is a
com plex basin, occurring in a recess between the
converging Appalachian and Ouachita fold belts.
It is divisible into a southern structural province
o f thrust faults and a northern province o f normal
faults (Flawn and others, 1961; Thomas, 1972).
The three aulacogens listed in Table 1 have
geophysical signatures that are m ore similar to
intracratonic basins than foreland basins and are
probably underlain in part by dense m afic rock.
The southern Oklahom a aulacogen (Hoffm an and
others, 1974), which includes the Anadarko, Ard
more, and M arietta basins and flanking W ichita
and Am arillo uplifts (Ham and others, 1964)
contains linear gravity and m agnetic highs and
lows. Brewer and others (in press) present evi
dence for the existence o f an earlier extensive
Proterozoic basin in this area. They suggest that
the aulacogen may have had a much longer
history o f subsidence or that it m ay represent a
younger reactivated structure. The second-listed
aulacogen, the Mississippi Embayment, also con
tains gravity and m agnetic highs that form linear
trends (Ervin and M cGinnis, 1975; Hildenbrand
and others, 1977). These workers suggest that the
aulacogen form ed in late Precam brian tim e and
was reactivated during the late Mesozoic. Sim ilar
ly, recent work by K eller and others (1980) has
shown that the Delaware basin occurs adjacent to
a gravity high and is also a probable aulacogen
that had an origin sim ilar to the southern O kla
hom a aulacogen.

Origin of Intracratonic Basins
The presence of older structures in the base
m ent underlying intracratonic basins is notewor
thy and suggests that the sites where intracratonic
basins developed have had com plex histories.
One-stage models have the inherent difficulty o f
not accounting for the lack o f sym m etry between
the older structures and the overlying basin and
the long time span o f development. For example,
the thermal contraction m odel proposed by Haxby
and others (1976) attempts to relate the underly
ing llOO-m.y.-old linear Keweenawan rift with
the formation o f the circular M ichigan basin,
which began to subside in early Paleozoic time. As
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noted by Brewer and O liver (1980), a direct rela
tion is difficult to visualize.
A more com plex sequence o f events seems nec
essary to explain the developm ent o f these basins.
Intracratonic basins apparently occur along sites
o f older structures. The first step appears to be the
formation o f a major fault zone or other tectonic
boundary. These structures would presum ably be
o f sufficient m agnitude to m odify the crust for tens
of kilometers both horizontally and at depth.
Possible structures would include rift zones, large
strike-slip or transform fault zones, lithologic,
tectonic, or metamorphic province boundaries,
and local basement inhom ogeneities in the form o f
mafic or ultram afic intrusions (Hinze and others,
1980).
The second stage would involve the develop
ment of the basin itself and would occur at some
later but unspecified time. Subsidence is initiated
in response to (new) tensional forces. The new
strain field would be unrelated to earlier regim es
and would produce a different type o f structure.
However, the tensional forces would be localized
along the older structures, which represent old
zones of weakness in the crust. Basins would thus
tend to form along older reactivated structures.

It perhaps needs to be emphasized that a reacti
vated structure does not necessarily produce a
basin. Extensional tectonism operating over a
long period of tim e is apparently necessary, and
reactivated structures are clearly not all exten
sional. A variety o f reactivated structures are
present in the M idcontinent, and models to ex
plain their development are discussed by Hinze
and others (1980).
The form ation o f intracratonic basins by reacti
vation o f older structures during periods o f exten
sion is an example o f intraplate tectonism. Devel
opment o f these basins contrasts with tectonic
processes operating along plate boundaries. The
basins contain the accumulated products o f long
term dynamic systems and encom pass a consider
able geologic record. Their form ation along old
zones o f weakness by reactivation of earlier struc
tures indicates that they have had a more complex
history than generally envisaged. They are thus
important in understanding the structure, behav
ior, and evolution o f continents. A consideration of
basin development must take into account the
Precambrian as well as the overlying Phanerozoic
rocks.
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The Michigan Basin
L. L . SLOSS*

ABSTRACT
The Michigan basin is widely acknowledged to be the archetype among those basins of cratonic interiors whose
subsidence is dominated by flexure rather than faulting. Broadly ovate in plan over an area of some hundreds of
thousands o f square kilometers, with a preserved Phanerozoic sediment thickness exceeding 4 km accumulated
during distinct episodes of subsidence over a 500-million year span, the basin is endowed with significant fossil-fuel
resources.
The basin area is crossed, from north-northwest, by a rift zone filled with mafic igneous rock and great thickness of
sedimentary rock resting on Archean and Middle Proterozoic crystallines. Rifting is presumably of Keweenawan age,
but the igneous rocks cannot be dated more explicitly than “older than 600 myBP” . The ill-defined Grenville Front
lies near the eastern basin margin.
The basin area, along with the whole of the cratonic interior, suffered intensive erosion before Late Cambrian time
when renewed sedimentation began; probably as a northern extension of the Illinois basin-Mississippi Embayment.
Basinal subsidence conforming to the present architecture of the Michigan basin began in mid-Ordovician time, to
be followed by further pulses of significant downwarp in the Middle and Late Silurian, Middle Devonian, and Middle
Mississippian. Minor accumulations of Pennsylvanian, Jurassic, and Pleistocene sediments are preserved; the
Pennsylvanian episode appears to have been accompanied by basement faulting during which the greater part of
deformation of the basin fill occurred.
Each of the major episodes of basinal subsidence is marked by changes in the geometry o f the basin, such as
changes in the position of the depocenters and degree of confinement of expansion of the basin interior.
Episodes o f more rapid subsidence of the Michigan basin, times of change in basin geometry, and intervening
episodes o f stability (commonly accompanied by erosion) are synchronous with similar basins of the North American
and other cratonic interiors.

INTRODUCTION

GEOLOGY

The M ichigan basin is an appropriate subject for
study. Long considered to be the archetype of
sedim entary basins o f continental interiors, its
exposed m argins have been investigated for well
over a century. It has been penetrated by thou
sands o f boreholes in the past several decades and
has had its magnetic, gravitational, and seismic
pulse taken many times, and yet we do not know
what makes it tick as a tectonic elem ent or as a
repository o f oil and gas.
In the course o f this colloquium , audiences have
been exposed to a variety of basins o f the North
Am erican craton; o f these, only the W illiston (see
Gerhard, this volume) join s the M ichigan basin in
being recognizable as a genuine interior basin.
Interior basins are those entirely surrounded by
continental crust, lacking extensions to contem
porary continental margins, and are essentially
free o f m ajor syndepositional effects o f faulting.
Interior basins are also am ong those for which we
have no adequate theory in geodynamics.

The surface form o f the M ichigan basin is well
shown by the areal geology (Fig. 1). It is roughly
circular, several hundred kilom eters across, and
confined w ithin encircling outcrops of Ordovician
and Silurian platform carbonates. (Lakes M ichi
gan and Ontario occupy glacially-enlarged valleys
m arking the subcrop o f Silurian salt and related
collapse breccias.) The basin interior bears a thin
and deeply-eroded record o f Pennsylvanian and
Jurassic sediments. Preservation o f these strata is
indicative o f continued subsidence (or less eleva
tion) during sub-Zuni and younger episodes o f
erosion that scarred surrounding terrains. In iact,
the Phanerozoic subsidence history o f the basin
can be extended to well over 400 m illion years by
noting that the pre-glacial surface is depressed
significantly below sea level near the basin’s
center, presum ably in response to ice loading.
The net effect o f long-continued subsidence is
shown by the Structure o f the Precam brian surface
(Fig. 2), w hich reveals a bowl-shaped depression
centered near the end o f Saginaw Bay where a
maxim um o f about 4.7 km relative to the adjacent
W isconsin arch is attained.
W hat else do we know about the gross features
o f the basin? For one thing, the southern penin
sula o f M ichigan is crossed from northwest to

Acknowledgment.— Many o f the thoughts con
tained in this report were developed while the
writer was being supported by the following
National Science Foundation grants: DES 7422337, E A R 76-22499, and 80-19315.

*Department o f Geological Sciences, Northwestern University, Evanston, Illinois 60201.

L. L. Sloss

26

J-Jurassic
P Pennsylvanian
M-Mississippian
O-Devonion
S-Si lurian
O-Ordovlcian
\
C-C ambrian
\
Cambrian - Precam br ian
K-Upper P r e c a m b r ia n - Keweenawan
P c - M i d d l e a n d Lower P r e c a m b r i a n
(u n d iffe re n tia te d )

THE
MICHIGAN

BASIN
lOOkm

Fig. 1. Areal geology of preglacial chronostratigraphic units of the Michigan basin. After Stonehouse
(1969), with permission of the Michigan Basin Geological Society.

southeast by a profound gravity anom aly (Hinze
and others, 1975) featuring a well-defined curvi
linear positive flanked by more diffuse Bouguernegative borders. Deep drilling (Sleep and Sloss,
1978, and accom panying detailed papers) on the
eastern m argin o f the anom aly penetrated about
1.5 km of firm ly lithified sub-Sauk clastic sedi
ments floored by m etabasic igneous rock. It is
presumed that these rocks, as in the case o f the
sim ilar M idcon tin en t G ravity H igh, are Ke
weenawan, but n o isotopic “ages” have been ob
tained; paleom agnetic data suggest involvem ent
with a 600 myBP therm al event. A COCORP deep
seismic reflection line, not yet fully evaluated (at
least to my knowledge), appears to confirm the rift
origin of the Central M ichigan anomaly. In any
case, the anom aly and its contributing rocks do
not conform to the geom etry o f the basin, and the
tim e of em placem ent is at least 150 my earlier
than the initiation of basinal subsidence.
Thanks in large part to a series o f basin-wide
isopach and facies studies by Jam es Fisher and his
students at M ichigan State University, the sub
surface record o f the M ichigan basin has been
UMR Journal, No. 3 (December 1982)

integrated to reveal the m ost intim ate details o f
basin evolution. These maps, plus augm entation
from other sources, show that there was little
basinal behavior during Sauk (Cam brian-Early
Ordovician) deposition. (Interested readers should
consult Catacosinos, 1973.) The present form o f
the basin dates from M iddle Ordovician and, with
a few notable exceptions, has rem ained rem arka
bly constant since. That is, successive depocenters
tended to rem ain southwest of Saginaw Bay.
Subsidence departed w idely from a constant rate
w ith the passage o f tim e, however, and the posi
tions o f hingelines defining the basin interior
were sim ilarly variable.
Middle Ordovician basinal subsidence was fol
lowed by Late Ordovician and E arly Silurian
episodes of alternating basinal and platform al
behavior. M iddle and Late Silurian history is
beset with m ajor controversies created by differ
ences o f opinion as to the relationships o f platform
carbonates, pinnacle reefs, and evaporites (see for
exam ple, M esolella and others, 1974), but regard
less o f interpretation, late Middle and Late Silurian
were times of very rapid downwarp o f the basin

The Michigan Basin
interior w ith concom itant effects on sedimentary
facies. This period o f subsidence gave way to broad
Early Devonian stabilization leading to and ac
com panying developm ent o f the craton-w ide
sub-Kaskaskia erosion surface.
The course o f renewed deposition in the M iddle
Devonian has been m agnificently docum ented by
Gardner (1974). He shows early M iddle-Devonian
basinal subsidence centered over the Saginaw Bay
depocenter followed by tim es o f platform absence
o f a well-defined basin and then by accelerated
depression and salt deposition but now centered
well to the northwest o f Saginaw Bay. Im m edi
ately after the salt episode, the depocenter re
turned to its traditional position, and the basin
broadened until, at the close o f M iddle Devonian
tim e, although truncated to the north by P en n
sylvanian (?) erosion, it appears to have extended
over the now-exposed Shield toward the Jam es
Bay lowlands.
Late Devonian and earliest M ississippian tim e
presents no record o f significant basinal develop
ment; instead, the region was covered by a blanket
o f black shale in concert w ith m uch o f the
M idcontinent area. G enuine basinal behavior,
including salt accum ulation, recurred yet again in
the M iddle M ississippian, ending the functional
life of the M ichigan basin— but do not forget that
the basin stirred again in Late Paleozoic, midMesozoic, and Pleistocene death throes.

OIL AND GAS
Oil and gas are distributed widely, geographi
cally and stratigraphically, in the M ichigan basin.
The greatest concentration is- at Albion-Scipio
near the southern m argin o f the basin. Here, a
very narrow, northw est-trending strip produces
from locally dolom itized M iddle Ordovician car
bonates. Enhanced porosity/perm eability appear
to be the product o f alteration along a fracture
zone. Efforts to duplicate the rich productive
potential o f Albion-Scipio have resulted in little
beyond extrem e frustration. G reater satisfaction
am ong geologists and geophysicists (and signifi
cantly greater profit) derives from exploration of
Silurian pinnacle reefs that produce handsom ely
in a narrow zone basinward o f the encircling
platform carbonates and associated barrier reefs.
Pinnacle-reef production has been exploited for
years in the Detroit area and in an adjoining patch
in Ontario, but attem pts to expand the producing
area were inhibited by dry holes in m ore basinal
sites where reefs tend to be salt plugged and by
inability to locate reefs by seism ic methods below
thick glacial drift in sections o f low acousticimpedance contrast. O nce the geophysical prob
lems were solved, reef exploration expanded ex
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F ig . 2. Structure contours, in thousands of feet, on the

top of the Precambrian in the Lower Peninsula of
Michigan. After Hinze and Merritt (1969), with permis
sion of the Michigan Basin Geological Society.

plosively and very successfully around the northern
rim o f the basin, impeded on ly by environm ental
constraints and by Lakes M ichigan and Huron at
either end o f the northern fairway. N ote that both
“Trenton” (M iddle O rdovician) and Silurian reef
production involve areas n ear the periphery of the
basin. These sites raise problem s o f source and
m igration as w ill be discussed in a later para
graph.
The long-term , traditional hunting ground o f
the M ichigan basin has been nearer the basin’s
center in M iddle Devonian sebkha related (?)
dolomites, com m only on read ily identifiable major
structural trends. Here, th e Dundee Form ation
has been the m ajor productive interval. M odest
gas reserves have been exploited in shallow strati
graphic traps am ong lensing Lower M ississippian
sands. In the past year, deep drilling near the
basin’s center discovered an encouraging volum e
o f gas in sub-Trenton sandstones, presum ably
Cambrian or Early O rdovician Sauk units. W ith
the exception o f a few sm all pools in Ohio and on
the Niagara Peninsula o f Ontario, Sauk strata
have not been shown to have a significant produc
tion potential north and east o f K ansas; thus,
confirmation o f the deep M ichigan discovery would
UMR Journal, No. 3 (December 1982)
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have important im plications for the future.
These, then, are the contributors to the M ichi
gan basin oil and gas picture. The sum is not great
by world standards but is a m uch-prized and
welcom e addition to the energy-poor resources o f a
heavily-populated and intensively-industrialized
region. It is clear that the tectonic evolution o f the
basin is responsible for the character and distribu
tion o f traps and reservoir rocks. Inasm uch as the
basin has been so thoroughly studied, it has
becom e a model for consideration of lik e basins
elsewhere. W hat is less obvious is th e linkage
between subsidence history and the m aturation
and m igration o f hydrocarbons.
Nunn (1980) m odeled the subsidence and ther
m al histories of the M ichigan basin and found that
appropriate tem peratures for the m aturation of
kerogens have been attained only in M iddle
Ordovician and older strata and on ly in the
central, m ost deeply subsident, area o f the basin.
These findings fit the distribution o f significant
production and reserves in M iddle Devonian res
ervoirs, i f one assumes vertical (fault-controlled?)
m igration from O rdovician source beds. Similarly,
the enigm atic A lb ion -S cip io trend o f M iddle
Ordovician production is not contradicted by
N unn’s model, given a m odest distance o f lateral
m igration. However, the northern Silu rian p in 
nacle-reef trend would require seem ingly exces
sive m igration paths from the basin’s interior;
further, the chem istry o f the Silurian reef oil is
reported to be such as to preclude derivation from
O rdovician source strata near the b a sin ’s depo
center. To add yet another com plication, there is
evidence that oil m igration into Niagaran/Salinan
reefs preceded salt crystallization that plugs pores.
I f this were to be verified and if, as some m aintain,
the salt plugging is the product of Late Silurian
desiccation, then we have real problems. Either
the threshold o f the oil-m aturation “window”
m ust be lowered to include lesser tem peratures, or
N unn’s subsidence/therm al m odel (and all sim ilar
calculations) are seriously in error, or the M ichi
gan basin was buried by a m uch thicker section of
the Pennsylvanian and younger strata than has
been assumed. The latter suggestion appears to be
in fatal conflict w ith prelim inary vitrinitereflectance data that indicate no more than a few
hundred meters o f post-Pennsylvanian burial.

basin and its hydrocarbon resources could be
approached m ore system atically if there were an
acceptable basis in geodynam ic theory to explain
the tectonic evolution o f the basin and its sedimen
tary fill. One segm ent o f conventional wisdom
attributes subsidence to the load imposed by the
accum ulation o f sediment, which, in turn, is a
reflection o f global sea-level changes. It can be
demonstrated (e.g., Watts and Steckler, 1981) that
loading is inadequate to account for the amplitude
o f subsidence, and it is popular to appeal to
therm al contraction as the root cause. H eating
and subsequent subsidence o f a rifted continental
m argin is readily acceptable and, indeed, the
subsidence curves of such m argins can be fit to the
predicted decay o f rates o f subsidence that would
result from thermal contraction. Turcotte and
associates have applied therm al models to interior
basins (e.g., Haxby and others, 1976) but founder
on the disconcerting observation that the subsi
dence history o f cratonic basins records stops and
starts and changes of pace that do not fit a simple
negative exponential expression. Norm an Sleep
and his students (e.g., Sleep and Snell, 1976).have
combined thermal contraction with eustatic events
to tiptoe around the irregularities o f basin subsi
dence, but, at least in the case o f the M ichigan
basin, there is no record o f a heating event of
appropriate date to initiate subsidence and no
evidence o f the uplift that w ould precede down
warping. Falvey (1974) has invoked therm ally
related phase changes in the crust to create
subsidence, and the postulate has been applied to
cratonic basins by M iddleton (1980), but here,
again, the evidence for localized heating events
and their consequences is lacking. It has been
shown (e.g., Sloss, 1978, 1981) that there is a
rem arkable degree o f global synchroneity in the
times o f rapid subsidence o f sedim entary basins,
whether these be on cratonic interiors or at
continental margins. Beyond some quite unsup
ported thoughts on the subject (Sloss and Speed,
1974), I have no explanation for these observa
tions, but they stand as currently insurm ountable
barriers to the acceptance o f popular concepts on
the origin and evolution o f sedim entary basins.
W hat rem ains clear is that answers m ust be found
before the M ichigan basin can fulfill its promise to
become a natural textbook for the exploration o f
sim ilar basins throughout the world.

BASIN GENESIS
A num ber o f questions relating to the M ichigan
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Geologic-Tectonic History of the Area Surrounding the
Northern End of the Mississippi Embayment
H. R.

SCHWALB*

ABSTRACT
Since Precambrian time, zones of weakness have been repeatedly but infrequently reactivated in the Mississippi
Embayment area. All of the major folds and many of the minor anticlines caused by this activity are associated with
faults in the basement rocks. The latest occurrence of major tectonic activity (perhaps Early Cretaceous), however,
not only affected the old fault zones but also created a vast new feature, the Pascola arch, which has no Paleozoic
antecedent. Severe erosion and subsequent Tertiary subsidence associated with the Pascola arch indicate that this
structure alone is the locus of present-day major earthquake activity. Until the time in the geologic future when old
established zones of weakness are reactivated regionally, only the relatively young Pascola arch will continue to be
the focal point of high intensity earthquake activity in the Embayment area.

INTRODUCTION
On the basis o f an exam ination o f the Paleozoic
sedim entary record in the Embayment area, the
distribution and history of tectonic structures
within a 200-m ile radius o f New Madrid, M is
souri, are interpreted here in an effort to clarify
their role in earthquake distribution and frequen
cy. Begun as an investigation o f the nature of
recent seism ic activity in the region, the New
Madrid seism otectonic study has incorporated the
stratigraphic and structural geologic parameters
relating to earthquake activity.
Well cuttings from selected deep tests drilled in
the area were studied to determ ine their lithology
as well as the presence o f m icrofossils, igneous
intrusives, and metabentonites. To increase un
derstanding of the tectonic events leading to
interruptions in the sedimentary record, the m ag
nitude and extent o f unconformities were ap
praised by detailed stratigraphic correlation based
partly on geophysical logs. Samples o f igneous
intrusives and crystalline basement rocks were
collected for age dating by radiom etric methods,
and age dates were obtained from private and
published reports.
Much useful inform ation was obtained from the
files of state geological surveys and universities,
and I gratefully acknowledge the help and criti
cism from the follow ing individuals: Kenneth
Anderson, M issouri Division o f G eological Survey
and Water Resources; Jerry Carpenter and A n 
drew Hreha, Indiana G eological Survey; William
Caplan, Arkansas Geological Commission; A lvin
Bicker, Jr., Mississippi Bureau o f Geology; Robert
Hershey and Ned Luther, Tennessee Division of
Geology; Jack Kidd, Geological Survey of A la 
bama, and all the members o f the New Madrid
Study Group. I assume sole responsibility for the

interpretation o f the data and the conclusions
presented in this report.

TECTONIC HISTORY OF SELECTED
GEOLOGIC FEATURES
Ozark Uplift
The oldest tectonic element recognized in the
area is the Precam brian Ozark uplift (Fig. 1). It is
believed that the igneous rocks exposed in the St.
Francois M ountains o f the southeastern Missouri
portion o f the uplift represent a major petrogenic
epoch o f relatively short duration in Late P re
cam brian tim e (Tolman and Robertson, 1969).
Precambrian m arine invasion of the Ozark uplift
area is documented by the presence of stromatolitic lim estones with a m inimum age of 1,400 m.y.
(Stinchcomb, 1976). The next sediments were
deposited in Late Cam brian time.
W ithin the study area, no other Precambrian
rocks have been identified in the vicinity o f the St.
Francois M ountains. The contact between the
sedimentary rocks and crystalline rocks is sharp,
with no appreciable weathering profile noted in
the outcrops or subsurface. Debris transport must
have kept the region clear o f weathered products.
Although subject to infrequent marine incur
sion, the Precam brian terrain o f the Ozark uplift
was the dom inant topographic feature throughout
the Paleozoic.
The topographically lower region surrounding
the uplift contained numerous hills and ridges,
some o f which were more than 500 feet high. Some
o f the ridges o f crystalline rock were probably
accentuated by bordering faults, and these faults
probably affected later faulting o f overlying sedi
ments.
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H. R.

S c h w a lb

32

F ig . 1. Tectonic setting o f the southern part of the Illinois basin and Mississippi Embayment.
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Mississippi Embayment Rift
A major tectonic event, w hich probably occurred
at the end o f Precam brian tim e, opened a rift that
extended from northeastern Arkansas into south
ern Illinois. The rift flanked the eastern edge o f
the Ozark uplift and affected crustal rocks for
about 100 m iles eastward. The edges o f the rift
zone apparently were step-faulted parallel to the
central graben, where total displacem ent to the
center o f the rift probably exceeded 5,000 feet.
W ith one anom alous exception, no well has pene
trated the basem ent rocks w ithin the M ississippi
Em baym ent rift, and the nature o f the sediments
in the bottom o f the rift zone is unknown. However,
marine waters probably entered the graben from
the south or southwest, and Lower Cam brian
sediments probably are present in the deep por
tions.
The one exception m entioned occurs in the B ig
C hief # 1 Taylor well in Gibson County, Tennessee,
which encountered the Precam brian basement at
6,900 feet. The radiom etric date o f the igneous
cuttings from this well is about 680 m.y., which is
an unusually low value (Robert Hershey, personal
com munication). The isopach o f Pre-Knox strata
(Fig. 2) shows the anom alously thin sedim entary
interval above the basem ent in the well. The
interval contains neither basal sands nor shale.
Instead, dolom ite o f presum ed Late Cambrian age
rests directly on the crystalline basement. The
name Taylor dome was given to this anom alously
high basem ent feature.
Two possible explanations for the shallow base
m ent depth and lack o f clastic pre-K nox sediments
in the # 1 Taylor are related to rift zone genesis.
The well m ight have penetrated an upthrown
block, or horst, created by rift-associated faulting,
however, the forces causing rifting were tensional
and thus not likely to have produced an uplifted
block of crystalline rock near the center o f spread
ing, The other possible explanation is based on the
presence o f extrusive igneous plugs or cones,
which m ight have stood w ell above the surround
ing landscape and m ight have been preserved long
enough to be buried under sedim entary cover.
Such extrusions probably would have been con
tem poraneous with rifting, and the dating o f these
rocks at 680 m.y. would indicate that the rift was o f
latest Precam brian age.

Rough Creek Graben
During the rifting in the Mississippi Em bay
ment area, the eastern block containing the N ash
ville dome began to rotate toward the southwest.
This rotation created two zones o f weakness that
produced the Rough Creek graben, which extends

eastward from the northern en d o f the M ississippi
Em baym ent rift. The Rough Creek and Pennyrile
fault zones, respectively, m ark the northern and
southern borders o f this graben, which was downdropped several thousands o f feet. The graben
narrows in w idth from about 35 miles on the west
to about 15 m iles on the east. The bounding fault
zones curve toward each other at the eastern end of
the graben and m ay connect in the subsurface in
vicinity o f eastern Grayson an d Edmonson Coun
ties, Kentucky. The two fault zones were reacti
vated repeatedly during the Paleozoic Era, allow
ing the Rough C reek graben to deepen and acquire
a thick accum ulation o f sedim ents. W hether or not
the bordering faults o f the M ississippi Em bay
m ent rift were sim ilarly reactivated in the Paleozoic
is unknown, because erosion has removed m ost o f
the post-Ordovician rocks in that area.
In the Texas G as Exploration #1 Shain well in
Grayson County, Kentucky, a thick M iddle Cam
brian marine shale section occurs beneath the
Upper Cam brian Eau Claire Formation (Fig. 3,
well # 4 ). The bottom of this test, which stopped in
the sedim entary section, encountered 2,360 feet of
shale with thin arkosic streaks and a few thin beds
o f oolitic lim estone. The shale contains linguloid
brachiopods and a few trilobite fragments, which
provide a m eans of dating the form ation. An
agnostid trilobite was identified by Christina L.
Balk as the genus Baltagnostus, an index o f upper
M iddle Cam brian age. A dditional specim ens ex
am ined by M ichael E. Taylor o f the U.S. Geological
Survey were also recognized as being o f question
able Middle Cam brian age.
In wells penetrating the crystalline basement
north o f the Cottage Grove and Rough Creek
faults, the Mt. Sim on Sandstone of Late Cambrian
age is the oldest sedim entary unit found.
Lower and M iddle Cam brian rocks lap onto the
N ashville dome from the A ppalachian basin, but
they thin and disappear in north-central Tennes
see, where lower Knox dolom ite of Late Cambrian
age rests directly on the basem ent. The Nashville
dome segment o f the Cincinnati arch m ay have
begun to take form in Early Cam brian tim e, as it
seems to have prevented Low er and M iddle Cam
brian sedim entation to the east o f the Rough
Creek graben (Fig. 4).

Reelfoot Basin
Although no Lower Cam brian rocks have yet
been identified on the surface or in the subsurface,
they are presumed to exist in the bottom o f the
Embayment rift and in the Rough Creek graben.
One can only speculate as to the lithology and
thickness o f any Lower Cam brian rocks there, but
the sedimentary units would m ost likely be arkosic
UMR Journal, No. 3 (December 1982)
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Fig. 2. Isopach map of pre-Knox strata in south-central United States.
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Fig. 3. East-west cross section south of the Rough Creek and Cottage Grove faults.
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Fig. 4. North-south cross section parallel to but east of the Mississippi Embayment area.
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Fig. 5. North-south cross section of pre-Everton strata at the north end of the Mississippi Embayment.

sands, derived from the exposed crystalline ter
rain. These could be several thousands o f feet
thick in the deepest portions o f the rift system.
The Reelfoot basin (Schwalb, 1969) occupies a
portion o f the trough o f the M ississippi Em bay
ment rift and contains an accum ulation o f C am 
brian and Ordovician sediments estim ated to have
been at least 12,000 feet thick. Two wells w ithin
the basin, the Texas Pacific # 1 Farley in Sec. 34, T.
13 S., R. 3 E., Johnson County, Illinois, (Fig. 5, well
# 4 ) and Benz # 1 M erritt Estate in Sec. 3, T. 4 S., R.
1 E., Lake County Tennessee, (Fig. 6, well # 5 )
penetrated rocks believed to be M iddle Cam brian
in age or older.
During middle to late Paleozoic time, depocenters
shifted northward yet rem ained south o f the
Cottage Grove and Rough Creek faults. Later
uplift exposed the rocks in the center o f the
Reelfoot basin, and a vast am ount o f sedim entary
section was removed by erosion; therefore, the
thickness o f the total accum ulation o f sediments
in the basin can only be estimated.

Arkoma Basin
The Arkom a basin trends westward from the
Mississippi Em baym ent rift. Its eastern portion in
northeastern Arkansas is younger than the Reel
foot basin. Lack o f data from deep wells and the
absence of basem ent tests in the central eastern
portion of the Arkom a basin prevent the recon
struction o f the early history o f this region. A l
though they thin westward in to the A rkom a basin,
K nox strata are lithologically similar to those of
the Reelfoot basin. Likewise, M iddle and Upper
Ordovician strata in the A rk om a basin are litho
logically sim ilar to but m uch thinner than those in
the Illinois basin. Only parts o f the Silurian,
Devonian, and M ississippian Systems are present
in the eastern portion o f th e Arkom a basin, and
these parts are very thin in comparison to the
parts o f the sam e systems in southern Illinois.
From their northern erosion al lim it, P en nsyl
vanian strata thicken southward and westward
into the Arkom a basin. The sedim ents that formed
UMR Journal, No. 3 (December 1982)
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Fig. 6. East-west cross section of the Mississippi Embayment rift.

these strata are believed to have had the same
easterly and northeasterly source as those o f the
Illinois basin. If, during Pennsylvanian time, the
Illinois basin was connected to the Arkom a basin,
so probably was the Reelfoot basin. The maximum
thickness o f Pennsylvanian strata in the Illinois
basin is about 3,200 feet in Union County, Ken
tucky. The Pennsylvanian strata in Arkansas are
over 10,000 feet thick.

weak metamorphic alteration of the rocks in the
southern W arrior basin and the southern Arkoma
basin o f Arkansas. The line of dem arcation be
tween the rocks exhibiting metamorphic alter
ation to the south and the unaltered rocks to the
north is called the Ouachita Front in Arkansas. It
trends from the west to the east where it is buried
beneath the sub-Cretaceous unconformity and
takes a more southerly trend toward Mississippi
and Alabama.

Warrior Basin
The Warrior basin o f Alabam a and Mississippi
appears to have a history similar to that o f the
Arkom a basin in that tfie rocks o f the early
Paleozoic are lithologically similar to but thinner
than those in the R eelfoot basin. The Pennsyl
vanian section thickens dram atically from the
Illinois basin southward to near the southern end
o f the Warrior basin where the Pennsylvanian
section is more than 10,000 feet thick. Late
Pennsylvanian or post-Pennsylvanian tectonism
produced extensive faulting and folding as well as
UMR Journal, No. 3 (December 1982)

Pascola Arch
The site of the buried Pascola arch extends from
extreme northwestern Tennessee to southeastern
Missouri (Grohskopf, 1955). Uplift of this arch
closed the Illinois basin on the south and domed
the sediments o f the Reelfoot basin, exposing them
to subaerial erosion. The uplift, which exposed
pre-Lamotte sediments at its crest, affected an
area o f more than 15,000 square miles (Fig. 7).
Erosional debris in the form o f gravel and boulders
was deposited in an arc that extends from the
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northeast to the south around the arch. This
debris was derived from the Upper Cretaceous
Tuscaloosa Formation (M archer and Stearns,
1962). Uplift of the arch was undoubtedly accom
panied by faulting and perhaps by the em place
ment o f plutons (Hildenbrand and others, 1977).
Uplift o f the Pascola arch cannot be dated more
precisely than as post-Pennsylvanian and preUpper Cretaceous. Erosion effectively planed the
northern part of the Mississippi Embayment be
fore downwarping allowed renewed sedimenta
tion. Upper Cretaceous and Tertiary strata o f both
marine and nonmarine origin then filled the
depression. These strata cover m ost of the Paleozoic
rocks that were involved in the uplift o f the arch
and thoroughly m ask the structure.

Post-Pennsylvanian Reactivation
Probably at the sam e tim e that the Pascola arch
was uplifted, m any of the earlier-formed faults
and uplifts were reactivated throughout the re
gion. The Rough Creek fault zone was displaced
with some reverse movement, especially along its
western portion. Here, as much as 3,000 feet of
vertical movement is indicated on the south o f the
zone. A t this location, Devonian beds have been
elevated to a position where they are in contact
with Pennsylvanian rocks. In a graben in Union
County, Kentucky, rocks as young as those of
Early Permian age are present. A ctivity along the
fault zone was n ot as pronounced to the east,
where the zone has the appearance of a tensionally
stressed anticline. Here horsts expose M issis
sippian rocks, and graben blocks preserve Penn
sylvanian rocks. The final displacement o f the
Rough Creek zone is down to the north, a reversal
compared to earlier movement. In westernmost
Kentucky, the south side of the zone dips very
steeply into the M oorm an syncline (Rough Creek
graben) and may indicate an additional fault in
the crystalline basem ent along the axis o f the
syncline w ith sufficient throw to accommodate the
steep dip at the surface.
As much as 4,000 to 5,000 feet of sediment are
believed to have been eroded from above the
present surface o f western Kentucky and southern
Illinois. The recently exposed portion o f the fault
therefore was deeply buried when the last move
ment took place. Small compressional features

currently exposed within the Rough Creek fault
zone are thought to be the result of squeezing of
internal blocks at pivot points as the north side
and south side o f the zone tilted away from each
other.
Northeastward and eastward trending' block
faults in the fluorspar district o f southern Illinois
and western K entucky as well as the Wabash
Valley faults, which have a more northerly trend
at the western end o f the Rough Creek fault zone,
are dated as post-Pennsylvanian. Renewed move
m ent along the LaSalle anticlinal b elt in Penn
sylvanian time probably continued beyond that
period (Clegg, 1965). The Du Quoin monocline,
Salem and Louden anticlines, Cottage Grove fault
system, and Ste. Genevieve fault, all experienced
Pennsylvanian or post-Pennsylvanian tectonic ac
tivity.
A vast system o f prim arily northeast-southwest
oriented erosional valleys marks the regional
unconformity between Pennsylvanian and older
strata in the Illinois basin. The valley courses do
not seem to have been affected by preexisting
structures except for the Du Quoin monocline.
Regionally, it would appear that there was
rather gradual reactivation o f many older faults
and folds during Pennsylvanian tim e. A more
violent and widespread adjustment o f the base
m ent rocks resulted in increased accentuation of
these features in post-Pennsylvanian time. The
evidence seems to suggest that the origin o f the
Pascola arch and the pronounced reactivation o f
all the basement-related features occurred during
the Mesozoic Era, probably early in Cretaceous
time. However, the lack o f Triassic and Jurassic
sedimentary rocks in the region does not preclude
that major displacements m ay have occurred ear
lier in the Mesozoic.
Since this last period o f m ajor tectonic activity,
there has been widespread erosion in the Illinois
basin area, and to the south, downwarping o f the
Mississippi Embayment area has allowed the
accum ulation o f sedim ents in th e resulting
southward-deepening trough. The most recent
tectonic relationship between the Mississippi Em
baym ent and the Illinois basin has been one o f
stability or uplift to the north and subsidence to
the south. Current seismic activity seems to be
most active in the area o f subsidence.
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LIST OF WELLS
Figure 3
Total
1. Humble Oil Company #1 Pickell
2. Texas Pacific Oil Company #1 Farley
3. Exxon #1 Duncan
4. Texas Gas Trans. #1 Shain
5. Benz Oil #1 Nunnally

1. Texas #2614 Brown
(Indiana Farm Bureau)
2. E. I, DuPont #1 WAD FEE
3. Langford Oil and Gas #1 Knight Bros.
4. Texas Gas Exploration #1 H. Shain
5. Benz Oil Co. #1 Nunnally
6. Houghland & Hardy #2 S. Goad
7. E. I. DuPont #1 FEE
8. Texaco #1 B. Haynes
9. Gordon Street #1 R. Holden
10. Staufer Chemical Co. #1 FEE
11. California Co. #1 E. W. Beeler
12. Shenandoah Oil Corp. # 1 F. W. Smith
& Occidental Pet.

depth
Sec. 21-13S-2W
Union County, IL
Sec. 34-13S-3E
Johnson County, IL
Sec. 5-M-22
Webster County, K Y
Sec. 10-L-36
Grayson County, KY
Sec. 16-F-46
Metcalfe County, KY
Figure 4
Sec. 20-5N-2E
Lawrence County, IN
Sec. 10-U-44
Jefferson County, KY
Sec. 6-P-35
Breckinridge County, KY
Sec. 10-L-36
Grayson County, KY
Sec. 16-F-46
Metcalfe County, KY
Sec. 12-A-43
Macon County, TN
Sec. 16-3S-35E
Davidson County, TN
Sec. 10-7S-39E
Wilson County, TN
Sec. 13-10S-37E
Rutherford County, TN
Sec. 16-12S-28E
Maury County, TN
Sec. 4-15S-29E
Giles County, TN
Sec. 26-9S-2W
Cullman County, AL

(ft)
8,492
14,284
15,200
13,551
6,114

6,806
5,954
6,065
13,551
6,114
5,048
5,574
5,756
5,631
6,473
5,750
8,270
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LIST OF WELLS
(continued)
Figure 5

1. Union Oil Company # 1 Cisne Comm.
2. Texaco Oil Company #1 Cuppy
3. Texas Pacific Oil Company #1 Streich
4. Texas Pacific Oil Company # 1 Farley
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Sec. 3-1S-7E
Wayne County, IL
Sec. 6-6S-7E
Hamilton County, IL
Sec. 2-11S-6E
Pope County, IL
Sec. 34-13S-3E
Johnson County, IL

11,614
13,051
14,942
14,284
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Geology and Energy Resources of the Arkoma Basin,
Oklahoma and Arkansas*
B o y d R. H a l e y **
A B STRACT

The Arkoma basin is a structurally defined basin that underlies an area o f about 13,000 sq. mi. It extends from
Little Rock, Arkansas, to Atoka, Oklahoma. The rocks in the basin grade upward from dolomite, some limestone,
sandstone (Upper Cambrian to Upper Devonian) to shale and limestone (Upper Devonian to Lower Pennsylvanian) to
shale, limestone, and sandstone (Lower Pennsylvanian) to shale and sandstone (Middle Pennsylvanian). The
sediments that formed rocks in the lower part of the Atoka formation on the south side of the basin were deposited in a
deep-water environment. All other sediments in the basin were deposited in shallow-water, littoral, or deltaic
environments. Growth faults were restricted to the south side of the basin during Late Mississippian and Morrowan
time but became common throughout the basin during Atokan time. During the Ouachita orogeny, the rocks were
folded into east-west trending synclines and anticlines, and the anticlines along the southern part of the basin were
ruptured by thrust faults. A small amount of oil has been produced from reservoirs of Ordovician, Silurian, and
Pennsylvanian age in the extreme southwestern part of the basin. Approximately 4.9 trillion cu. ft. of natural gas
have been produced from Ordovician to Pennsylvanian reservoirs. About 280 million short tons of coal have been
produced from rocks o f Atokan and Des Moinesian age.

INTRODUCTION
The Arkom a basin extends westward from Lit
tle Rock, Arkansas, to Atoka, Oklahoma and
underlies an area o f about 13,000 sq. mi. (Fig. 1).
Throughout most o f its extent, its northern bound
ary is marked by the surface trace o f a system of
normal faults, and its southern boundary by a
system o f thrust faults, thus, the present configu
ration o f the basin is defined by present structure.
Rocks o f the same age are similar in lithologic
characteristics throughout the length o f the basin,
but their stratigraphic nomenclature differs be
tween the two states (Fig. 2).

LITHOLOGY AND DEPOSITIONAL
ENVIRONMENT
Precambrian Rocks
Basement tests wells drilled in or near the
Arkoma basin have penetrated rocks that are
similar to the Precam brian igneous rocks exposed
in the St. Francois M ountains in southeastern
Missouri. In that area, the rocks consist o f felsite
flows and tuffs, which were intruded by granite
and subsequently by diabase and gabbro.
The relative surface relief o f the Precambrian
rocks is about 2,200 feet in a part o f the St.
Francois Mountains. The magnitude o f the relief
o f the Precambrian surface in the Arkoma basin is
not known, but available evidence indicates that
the surface was one o f low relief (Fig. 3a).

Upper Cambrian to Upper Devonian Rocks
The basal sandstone o f this sequence of Upper
Cambrian to Upper Devonian rocks was deposited
*Prepared in cooperation with the Arkansas Geological Commission.
**U.S. Geological Survey

on a surface o f Precam brian rocks during the
transgression o f a Late Cam brian sea. The overly
ing rocks in the sequence are about 3,000 feet
thick in the north part o f the basin and 3,500 feet
thick in the south part. T h ey consist mostly o f
dolom ite and some limestone and sandstone, all o f
which are nearly clay-free, and a few thin beds o f
light- to medium-gray or greenish-gray shale.
Much o f the dolomite and limestone contains
oolite, oolitic chert, and chert. These sediments
were deposited in depositional environments rang
ing from shallow-water m arine to littoral to non
marine. Other than for a slight amount o f south
ward tilting and slow subsidence, the area o f the
Arkom a basin must have been structurally stable
during Late Cambrian to L ate Devonian (Fig. 3b).
The m inor unconformities between some o f the
formations m ay have been structurally induced,
but m ore than likely, they represent local shallowwater marine to nonmarine changes in the deposi
tional environments.

Upper Devonian and Mississippi Rocks
The Upper Devonian and Mississippian sequence
is composed o f about equal parts o f shale and
limestone, some of which is cherty. Small amounts
o f sandstone and siltstone are present in the
northern part o f the basin. T h e limestone changes
southward to silty lim estone, limy siltstone, and
shale. A ll the sediments form ing the rocks in the
sequence were deposited in a shallow-water m a
rine environment. This sequence may be as much
as 1,000 feet thick in the southern part o f the
basin, whereas rocks of equivalent age in the
Ouachita Mountains to the south are m ore than
5,000 feet thick. The sediments form ing these
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Fig. 1. Index map of Arkoma basin and vicinity.
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rocks were deposited in a deep-water environm ent
(Fig. 3c).
A down-to-the-south growth fault system along
the south side o f the basin accounts for the rather
abrupt change in lithology and thickness.
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The A tokan rocks consist o f about 70 percent
shale, 20 percent sandstone, 10 percent siltstone,
and a few coal beds. In the northern part o f the
Arkom a basin, the A toka Form ation can be di
vided into many repetitive lithologic units that
generally grade upward from shale to siltstone to
sandstone to, in some places, an overlying coal
bed. The lithologic sequence in many of these
units corresponds to that o f sedim ents deposited
by a prograding delta. M any o f these sequences
can be identified on electrical logs by the funnel
shape o f the resistivity (Fig. 5), conductivity,
spontaneous potential, gamma-ray, or neutron
curves. R egional studies o f the rocks in the Atoka
Form ation have shown that the deltas did not
prograde to the south side o f the basin until more
than h a lf o f the Atoka was deposited (Fig. 6). The
lower part o f the Atoka along the south side o f the
basin w as deposited as prodeltaic, submarine
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The M orrowan rocks consist o f about equal parts
o f sandstone, shale, and lim estone in the western
four-fifths o f the Arkom a basin but change in
facies to sandstone and shale in the eastern
one-fifth o f the basin. A ll of the sediments were
deposited in a shallow water m arine environment.
A long the western two-thirds o f the southern
edge o f the basin, the Hale Formation (lower
M orrowan) consists o f about 300 feet o f limestone,
sandstone, and shale, and the overlying Bloyd
Shale (upper M orrowan) o f about 400 feet of shale,
sandstone, and some lim estone. To the south,
along the northern part o f the Ouachita M oun
tains, the Jackfork Sandstone (lower Morrowan)
consists o f about 5,000 feet of sandstone and shale,
and the overlying Johns Valley Shale (upper
M orrowan) o f about 3,500 feet o f shale and a m inor
amount o f sandstone. The Jackfork and the Johns
Valley sedim ents were deposited in a deep-water
marine environm ent (Fig. 4). The abrupt change
in thickness and lithology can be attributed to the
growth fault system that started in M ississippian
time. A subm arine fault scarp, at least 2,300 feet
high, m ust have exposed M iddle O rdovician
rocks along the southern edge o f the basin, as
indicated by the individual rock fragments or beds
o f rock fragm ents ranging in age from M iddle
Ordovician to Early Pennsylvanian in the Johns
Valley Shale near Boles, Arkansas.

Arkansas

E m in e n c e D o l.

L a m o tte Ss.
G ra n ite

Fig. 2. Formations present in the Arkoma basin.

channel, subm arine fan, and abyssal plain sedi
ments.
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F ig. 3. Schematic cross section of the rocks in the Arkoma. basin and vicinity.

Growth faults seem to have been restricted to
the southern edge o f the basin during Mississippian
and Morrowan tim e, but they began to develop
throughout the basin during Atokan time. In
Arkansas, sedimentation in the areas o f deltaic
deposition must have kept pace w ith the am ount of
movement along th e growth faults, because all the
rocks in all parts o f the Atoka thicken on the
downthrown side (Fig. 7).

rocks were deposited in intercalated sequence of
prodelta, delta, delta-plain and meander-belt sed
iments.

STRUCTURE
The Arkoma basin contains anticlines, syn
clines, normal faults, and thrust faults. The struc
tural relief on the base o f the lower part o f the
Hartshorne Sandstone is more than 4,000 feet.

Des Moinesian Rocks

Folds

The lower part o f the Hartshorne Sandstone is
the lowest rock u n it in the Des Moinesian and
unconformably overlies the A toka Formation (see
Figs. 8 and 9).
The rocks are predom inantly sandstone with
minor amounts o f siltstone and shale. Most, if not
all, the rocks w ere deposited in a meandering
stream environment. The stream had a westward
direction o f flow and a m eander belt at least 45
miles wide.
Overlying the lower part o f the Hartshorne
Sandstone is a delta-plain sequence that includes
the lower H artshorne coal bed and, in Oklahoma,
the upper part o f th e Hartshorne Sandstone and
the upper Hartshorne coal bed.
The remainder o f the Des M oinesian rocks
(McAlester, Savanna, and Boggy Formations) con
sists mostly o f shale with subordinate am ounts of
sandstone and siltstone and a few coal beds. The

In the northern part o f the basin, the rocks dip
less than 10 degrees, except near norm al faults
where they may dip as m uch as 35 degrees. In the
southern part of the basin, the rocks on the north
ern side o f some o f the anticlines may dip as much
as 15 degrees beyond the vertical.

UMR Journal, No. 3 (December 1982)

Faults
The normal faults in the Arkom a basin dip
north or south at angles 30 to 65 degrees (Fig. 7).
The south-dipping faults form the major fault
systems and have the largest amount o f displace
ment. The Mulberry fault, which bounds a part of
the north side o f the basin in Arkansas, has a
m axim um displacement o f 2,500 feet.
Most o f the normal faults in the basin are
growth faults because 1) the amount o f displace
m ent along the faults increases with depth, and 2)
the Atoka formation is thicker on the downthrown
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Fig. 4. Schematic cross section of the rocks in the Arkoma basin and vicinity at the end of Morrow time.

side o f the faults.
Low- and high-angle thrust faults are present in
the southern part o f the basin along the crests o f
many o f the anticlines, and the thrust plates o f
these faults moved northward.

GEOLOGIC HISTORY
A ge determ ination by the potassium -argon
method gives age dates o f about 1.2 to 1.4 billion
years for the Precam brian rocks in the St. Francois
M ountains, (Snyder and Wagner, 1961, p. 84). The
first sedim entary rock form ation overlying the
Precam brian in that area and in the Arkom a
basin is the Lam otte Sandstone o f Late Cambrian
age (about 525 m.y.).
After the advancem ent o f the Late Cam brian
sea, the area o f the basin slowly subsided w ith a
slight southward tilt. Deposition kept pace with
the subsidence, as indicated by the accum ulation
o f shallow m arine and subaerial deposits. The
source o f the elastics is conjectural. Some may
have come from exposed Precam brian rocks in
Missouri to the north, but the volum e of sand
dictates additional sources, perhaps hundreds of
miles to the east or even a greater distance to the
north.
During Late Devonian and M ississippian time,
the area o f the Arkom a basin continued to subside
and to tilt to the south. Deposition kept pace with
the subsidence, and most, i f not all, the sediments
w ere deposited in a shallow -w ater m arine e n v i
ronment. The greater percentage o f lime was
deposited in the northern part o f the basin, and,
for the first time, a considerable quantity o f clay
was deposited throughout the basin. The clay, silt,

and a sm all am ount o f sand was brought into the
area from the north, northeast, and perhaps from
the east. Som e sedim ents were transported
southward across the down-to-the-south growth
fault system th at started d uring late M eram ecian
or early Chesterian time. T h is fault system subse
quently marked the southern edge o f shalloww ater d eposition during M ississippian and M or
rowan time.
D uring M orrowan time, th e area continued to
subside and to tilt to the south. Sedim ents were
brought into the basin from the north and north
east, and sand made up an im portant percentage
o f the sediments. The sedim ents in the western
four-fifths of the Arkom a b asin were deposited in
shallow m arine seas, beaches, tidal flats, and in
some stream channels. T h e sediments in the
eastern one-fifth o f the basin were deposited in a
deltaic environm ent o f a large river system that
drained into the area from the northeast.
D uring A tokan time (approxim ately 15 m.y.)
the area of the Arkom a basin subsided m ore than
it had in the previous 240 m illion years since Late
Cam brian tim e (Fig. 6). In the Arkansas part o f
the basin, the Atoka thickens from about 4,000
feet along the north side to about 21,000 feet along
the south side.
Deltas began prograding southward from the
north side o f the basin d u rin g the early part o f
A tokan time but did not prograde com pletely
across the basin until late A tokan tim e. South o f
the deltas, the sediments were deposited as prodelta
muds, in subm arine channels, or in subm arine
fans and lobes, and in abyssal plains.
In the area o f the deltaic environm ent, deposiUMR Journal, No. 3 (December 1982)
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Fig. 5. Electrical log correlation of the Atoka formation near 94°05’W. longitude.

tion kept pace with the amount o f movement along
the growth faults. In the area o f the deep-water
environment, deposition did not keep pace with
the movement along the growth faults at all times,
but caught up with the total amount o f movement
along the faults by late Atokan time when deltaic
deposits extended over the entire area o f the
Arkoma basin.
Regional uplift, probably related to the early
stages o f the Ouachita orogeny, started in very late
UMR Journal, No. 3 (December 1982)

Atokan time and by the beginning o f Des Moinesian
time had changed the physical characteristics of
the Arkoma basin. The area was at or just above
sea level and was surrounded by higher land areas
to the south, east, and north with open seas to the
west. A major m eandering river crossed the area
from east to west and deposited the lower part o f
the Hartshorne Sandstone. A delta plain was
developed on which the lower Hartshorne coal bed
was deposited. After the deposition o f these units,
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Fig. 6. Schematic cross section o f the rocks in the Arkoma basin and vicinity at the end o f Atoka time.

the area o f the basin began to slowly subside with
a slight tilt to the west. D uring the rest o f the Des
M oinesian time, each m arine sea that transgressed
into the area from the west was filled by deltaic
sediments from the south, east, and north.

Pennsylvanian-age rocks younger than Des
M oinesian are not now present in the area o f the
Arkom a basin, and available evidence indicates
that they never were deposited in the area. O nly
the extrem e eastern end o f the A rkom a basin now
UMR Journal, No. 3 (December 1982)
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Fig. 7. Structural cross section of the rocks near 92°05’W. longitude.

Fig. 8. Stream channel deposits of the Hartshorne Sandstone overlying prodelta deposits o f the Atoka
Formation.

is covered by rocks of Late Cretaceous, Paleocene
or Eocene age, and lithologic evidence indicates
that the depositional boundary of the sediments
forming these rocks did not extend very far to the
UMR Journal, No. 3 (December 1982)

west o f the present boundary. Therefore, most of
the Arkoma basin may have been above sea level
since late Des M oinesian time.
The Ouachita orogeny is thought to have ended
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F ig . 9. Prodelta deposits o f the Atoka Formation (left) and stream channel deposits of the overlying

Hartshorne Sandstone (right) (NW Vi NE Vi Sec. 22, T6N, R31W, Arkansas). Man’s index finger is on the
contact. Note the shale and sandstone pebble conglomerate in the channel to the right o f the man.

in Permian tim e. D uring the orogeny, the rocks in
the Arkom a basin were folded into generally
east-west trending synclines and anticlines; the
intensity o f folding increased southward. In the
southern part o f the basin, many o f the anticlines
are northward-yielding and are ruptured along
their crests by northw ard-m oving thrust faults.

ECONOMIC GEOLOGY
Oil and Natural Gas
A small am ount o f oil has been produced from
rocks of Ordovician, Silurian, and Pennsylvanian
age in the extrem e southwestern part o f the
Arkoma basin (Fig. 10). Blebs and streaks o f w hat
appears to be dead oil have been noted by the
author from wells that penetrated rocks o f
Ordovician to M ississippian age elsewhere in the
basin.
Com m ercial quantities o f natural gas w ere
discovered in 1902 in western Arkansas and in
1904 in eastern Oklahoma. The gas initially was
produced from sandstone reservoirs in the upper
part o f the A tok a Form ation and from the H arts
horne Sandstone, but gas is now being produced
from sandstone reservoirs in all parts o f Atokan
and M orrowan rocks, from sandstone and lim e
stone reservoirs in M ississippian rocks, and from

lim estone and dolom ite reservoirs in Devonian
and Silurian rocks. In the area o f the Arkom a
basin, the natural gas from different age reser
voirs is rem arkedly similar in chem ical com posi
tion. It is high in methane, low in sulfur, nitrogen,
carbon-dioxide, and hydrogen-sulfide, and it has a
heating value o f about 1,000 B tu per cu ft. Howev
er, just to the north of the Arkom a basin, in
Johnson County, Arkansas, natural gas produced
from M ississippian rocks (Boone Form ation) in
the Batson Field must be scrubbed o f hydrogensulfide before it is put into th e pipeline.
Atokan reservoirs have been producing and will
continue to produce most of the gas, and Morrowan
reservoirs are the next best producers. Porosity
and perm eability trends in these sandstone reser
voirs are the controlling factors in the com mercial
production of gas. Structure m ay have some influ
ence on the location o f the gas fields, but gas is
produced from synclines as w ell as from anti
clines. Generally, the gas produced from Devonian
and Silurian reservoirs is from areas in w hich 1)
the rock units are thin, 2) m ost o f the rock is
dolom ite, and 3) m ovement alon g a nearby normal
fault has placed Pennsylvanian rocks next to the
reservoir.
About 4.9 trillion cu ft o f gas have been produced
UMR Journal, No. 3 (December 1982)
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Fig. 10. Generalized map of the gas fields in the Arkoma basin.

since 1902 from the reservoirs in the Arkom a
basin. I f one-half o f the gas has been produced,
then an estimated 4.9 trillion cu ft o f gas rem ain in
the area.

Coal
Coal has been m ined on a commercial basis in
the Arkom a basin since 1870 (Fig. 11). Most of the
coal has been produced from the lower Hartshorne
coal bed near the base of the Des M oinesian-age
rocks. The coal ranges in rank from high-volatile
bituminous coal in the western part o f the basin to
semianthracite in the eastern part (Fig. 11).

On an as-received basis, the coal in the lower
Hartshorne coal bed generally has less than 4
percent sulfur, less than 8 percent ash, and a Btu
content o f about 13,600 per pound.
Most o f the mined coal is shipped out o f the basin
area and is blended w ith other coal to make
m etallurgial coke. The rem aining coal is mined
for domestic use, m anufacture o f briquets, and as a
source of carbon.
The original reserves o f coal in the Arkom a
basin are estimated to be 4.8 billion short tons, o f
which an estimated 280 m illion tons have been
produced since 1870.

Fig. 11. Generalized map of the coal fields in the Arkoma basin.
UMR Journal, No. 3 (December 1982)
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Structure of the Salina - Forest City Interbasin Boundary
from Seismic Studies
D o n W. St e e p l e s *

ABSTRACT
As petroleum exploration efforts in the Midcontinent become directed toward smaller fields and the search for
minerals is extended into new areas, the edges of the Salina and Forest City basins will become of increased interest
to industry. The principal boundary feature between the two basins is the Nemaha ridge, a linear feature that
extends from near Omaha, Nebraska, to near Oklahoma City, Oklahoma. Recent seismic studies at the Kansas
Geological Survey have revealed a complex array of faulted and folded structures in the vicinity of the Humboldt
fault zone (the eastern flank of the Nemaha ridge). Faulting of both normal and reverse types is present, including
horsts and grabens. Although some Permian age faulting is present, most of the Permian deformation occurred as
monoclinal draping at the flanks of the Nemaha ridge. Recent microearthquake activity suggests that some of the
faults are slightly active along a zone 400 kilometers long (north-south) and 50 kilometers wide (east-west) coincident
with the Nemaha ridge from southeastern Nebraska to north-central Oklahoma. Seismic reflection evidence
suggests that either uplift along the Nemaha occurred contemporaneously with Pennsylvanian deposition or uplift
and peneplantation occurred during a period of exposure between the deposition of Mississippian sediments and
Pennsylvanian sediments. Analyses of boundary structures and intrabasin structures are not complete without
knowledge of basement rock history and of basement structure. Microearthquake arrivals and deep reflection data
recently obtained from the Consortium for Continental Reflection Profiling (COCORP) in Kansas reveal
intrabasement structures in the 10 to 35 kilometer depth range. Data from aeromagnetic studies and basement
drilling reveal block faulting patterns and several episodes of Precambrian intrusive and/or extrusive vulcanism.
Much of the data presented in this paper is not yet fully analyzed, but preliminary results suggest that the integrated
geological and geophysical techniques will be of increased value to petroleum and minerals exploration and will be of
assistance in expanding the scientific knowledge of the Earth’s crust and upper mantle in the Midcontinent.
Specifically, it is hypothesized that petroleum deposits are related to localized heating in the upper crust and are
associated with igneous intrusions and ascension of mantle fluids into the crust probably during Cretaceous time.
This hypothesis is consistent with the existence of known deposits of petroleum.

INTRODUCTION
Kansas has been one o f the major oil-producing
areas o f the United States for more than 60 years.
The first oil was discovered in 1860, with truly
major production beginning just after discovery of
the El Dorado field in 1915. Figure 1 shows areas
within Kansas that have produced or are produc
ing oil and/or natural gas, and Figure 2 shows
areas that have produced or could produce coal.
Coal production peaked at about 7 m illion tons per
year during World War I and then declined grad
ually until the m id-1970’s when about one-halC
m illion tons per year were mined (Brady and
others, 1977).

Purpose of Paper
It is m y intent to review the underground
resources that have been exploited in Kansas and
examine briefly the geologic framework that has
endowed those underground resources. Recent
geophysical surveys in Kansas have provided
additional detail in terms of fine structural analy
sis on one hand (seismic reflection surveys along
the Nemaha ridge) while producing new regional
*Kansas Geological Survey, Lawrence, Kansas 66045.

insights on the other hand (statewide aeromagnetic
survey, microearthquake recordings, and deep
crustal and upper mantle seismic studies). An
attempt will be made to put the geophysical
surveys into geologic perspective and to suggest
possible future directions for resource exploration
in Kansas, particularly along the interbasin
boundary between the Salina basin and the Forest
City basin.

Known Resources
Cumulative oil production in Kansas through
1980 was approxim ately 4.9 billion barrels. Peak
production was 124 m illion barrels in 1956
(DeGolyer and M cNaughton, 1978). Production in
1979 was about 57 m illion barrels (State Corpora
tion Com m ission o f Kansas, 1979).
Correlation between Figure 1 (oil production
areas) and Figure 3 reveals that major production
has come from areas in the Hugoton embayment of
the Anadarko basin in south-western Kansas and
from the Central Kansas uplift in northwestern
and central Kansas. In southeastern Kansas, the
Pennsylvanian Shoestring Sands (so-called be
cause o f their linear or curvilinear traces) now
provide m ostly stripper production rates from
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o>
UMR Journal, No. 3 (December 1982)
files).

Don W. Steeples

Fig. 1. Oil and gas fields of Kansas that have produced commercial quantities of hydrocarbons. (From digitized data in Kansas Geological Survey
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Fig. 2. General distribution o f strippable coal reserves by geologic group for coals under 100 or less
feet o f overburden. (From Brady and others, 1977, with permission).

wells 150 to 300 meters deep. In addition to these
major oil producing areas, gas is produced from
the huge H ugoton field in southwestern Kansas
and from many small shallow Pennsylvanian
fields in eastern Kansas. It is also contem pora
neously produced with oil in m any parts o f the
state.
The Salina and Forest City basins have been
very disappointing in term s o f hydrocarbon pro
duction. I f there were no production at all in these
basins, it would be rather sim ple to m erely w rite
them o ff as possible hydrocarbon provinces and
look elsewhere. The problem is that ju st enough
oil has been found to tease explorationists into
looking for more. This area w ill be discussed in
more detail in the section on Exploration Progno
sis.
The coal resources o f Kansas lie prim arily
within Pennsylvanian units. The areas that have
been or could reasonably be exploited are depicted
in Figure 2. Coal seam s found in Kansas are
typically less than one m eter thick. Some very
minor coal (or lignite) deposits have been m ined
from units o f Cretaceous age in central Kansas.
Most o f the coal in K ansas has a medium to high
sulfur content (com m only three to five percent
sulfur). For a com prehensive discussion o f Kansas
coal, see Brady and others (1977).

In addition to the energy resources m entioned
above, the Tri-State Lead-Zinc district extends
into southeastern Kansas, where it has been
exploited prim arily in Cherokee County w ith both
surface and underground m ining. Indeed, the
m ining town o f Galena, K ansas, takes its name
from the m ineral concentrations beneath it.
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Fig. 3. Upper Paleozoic structural features in the
Midcontinent. Uplifts: 1 Cambridge, 2 Central Kansas,
3 Nemaha, 4 Bourbon, 5 Las Animas; Basins: a Hugoton,
b Cherokee, c Forest City, d Salina, e Denver. (Modified
from Snyder, 1968).

GEOLOGIC FRAMEWORK
W ithin the past 20 years, the earth science
com munity has recognized that movement o f ma
terial in the mantle is necessary for the form a
tion o f sedimentary basins. Geosynclines do not
prim arily form by the change o f mineral phases to
denser forms caused by pressure from deep burial.
The movement o f material in the mantle is evi
denced by deep earthquakes, mantle hot spot
traces, such as Hawaii and Yellowstone, intrusion
o f mafic and ultram afic rocks containing high
pressure mineral phases, and by the subduction of
tectonic plates at oceanic trenches. Geosynclines
and large basins are formed as responses to
large-scale tectonic deform ation o f the crust and
upper mantle. In order to comprehend basin for
mation and structure fully, then, one must begin
to examine the structure of the crystalline crust
and upper mantle on the one hand and continue to
examine eustatic changes in sea level and sedi
mentary processes on the other.
Kansas is part o f the Central Stable Region
(Snyder, 1968). In addition to the basins shown in
Figure 3, several m ajor geologic structures are
present in the vicinity o f the Salina and Forest
City basins as shown in Figure 4. The Nemaha
ridge is a buried Precam brian uplift o f mostly
cataclastically deform ed granitic rocks (Bickford
and others, 1979) that extends from near Omaha,
Nebraska, to near Oklahoma City, Oklahoma, and
UMR Journal, No. 3 (December 1982)

forms the division between the Salina and Forest
City basins. The sedimentary rocks o f the Nemaha
anticline are draped over the buried ridge, as
discussed in detail in this paper in the section on
Seismic Reflection Studies. The ridge presence
has been known since the early 1900’s as a result
of drilling (Moore and Haynes, 1917). The Central
Kansas uplift forms the southern and western
boundary o f the Salina basin and is similar to the
Nemaha ridge in age and structural importance.
More recently, the M idcontinent geophysical
anomaly (MGA) (Fig. 4) has been recognized as a
representation of an important Precambrian struc
tural feature in the Central Stable Region. The
MGA extends from the Lake Superior, Minnesota,
region southwest-ward to central Kansas and
probably Oklahoma (K ing and Zietz, 1971; Chase
and Gilmer, 1973). Yarger (1980, personal com 
munication), who has performed second vertical
derivative calculations on his aeromagnetic data
for Kansas, compiled a second vertical derivative
map, which shows quite clearly that the MGA
continues southwestward into Oklahoma, proba
bly as mafic dikes intruded parallel to the general
strike of the northern Kansas section of the MGA.
The MGA marks a thick sequence o f mafic igneous
rocks emplaced within a zone o f major late
Precambrian rifting (Ocola and Meyer, 1973). The
structure is bounded by faults at the surface in the
Lake Superior region, and sim ilar bounding faults
are inferred from geophysical data in the area to
the south, where the structure is deeply buried
below younger sedimentary rocks (K ing and Zietz,
1971).
There are surface structures associated with the
MGA in the Manhattan area. The Abilene anti
cline (Jewett, 1941) parallels its southeast flank
(Fig. 4), and the Upper Cretaceous Riley County
kimberlite intrusive rocks (Fig. 19) (Brookins,
1970) lie along the sam e structural trend.
Chelikowsky (1972) believed the locations o f
kimberlitic emplacement are controlled by or
related to right lateral strike-slip movement on a
buried fault along the east flank o f the Abilene
anticline. The direction o f movement is inferred
from the rotation of rock joints in the area of the
possible fault.
The relation o f the kim berlites to this strike-slip
hypothesis is in doubt, because the long axis of the
intrusions is oriented northwest-southeast, per
pendicular to the axis o f the Abilene anticline
(Cook, 1955). This indicates that the direction o f
least horizontal compressive stress was perpen
dicular to the Abilene anticline at the time the
kimberlites were emplaced, a condition incom pat
ible with strike-slip parallel to the Abilene anti
cline. The fact that directions of elongation of the
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Fig. 4. Structural features in the basement around the
boundaries of the Salina and Forest City basins. The
numbers 1 through 4 denote Kansas Geological Survey
drilling locations for holes where geothermal gradients
were measured.

k im berlite bodies are identical suggests that all
em placem ents occurred under sim ilar tectonic
stress conditions, possibly contem poraneously.

Unconformities and Structural
Development of the Basins
There are four m ajor p re-M esozoic u n con form 
ities and five m ajor structural events in both the
Salina and Forest C ity basins.
Precam brian erosional surface. - In the Salina
basin, th e crystalline basem ent contact is w ith
either the A rbuckle D olom ite or the Lam otte
Sandstone (also called Reagan Sandstone to the
south and west, or sim ply “ granite w ash”). In the
Forest C ity basin, the contact is w ith either the
Lam otte Sandstone or the B onneterre Dolom ite.
Contact with the P recam brian on top o f the
N em aha ridge is generally m ade by M issourian
rocks.
A fter deposition o f the A rbuckle, the Arbuckle
was deform ed and in som e places eroded, provid
in g a beveled depositional surface for the St. Peter
Sandstone. The southeast N ebraska arch was
uplifted during this deform ational episode that
spatially corresponded roughly w ith the location
o f the northern end o f the N em aha ridge.
M id-O rdovician unconform ity. - In the Salina
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basin, the unconform ity is betw een the A rbuckle
D olom ite and the you nger St. Peter Sandstone
m em ber o f the Sim pson Group. In the Forest City
basin, the unconform ity is betw een the undiffer
entiated Jefferson C ity D olom ite and the younger
St. Peter Sandstone m em ber o f the Sim pson Group.
Between the deposition o f th e O rdovician St.
Peter Sandstone and th e la ter deposition o f
M ississippian units, deform ation followed quite a
different schem e than that w hich took place after
the Cam brian. W hat had been the southeast
N ebraska arch was downwarped as m uch as 350
m eters to becom e part o f the N orth K ansas basin.
Also, during this tim e, the initial developm ent o f
the ancestral Central K ansas uplift occurred.
U n con form ity betw een the S ilu ria n and D e
vonian System s in Kansas. - The units in contact
vary from place to place, but a m ajor unconform ity
is present throughout both basins. B eginning in
Early M ississippian and continuing into Late
M ississippian, the N em aha ridge was uplifted,
giving rise to the developm ent o f the Forest City
and Salina basins (Fig. 5). D eform ation and uplift
continued at a m uch slow er rate through P en n 
sylvanian and the first h a lf o f Perm ian. Renewed
m ovem ent on the Central K ansas uplift to the
west coincided w ith the uplift o f the N em aha.
U nconform ity developed at the base o f the
Pennsylvanian System . - This is probably the m ost
distinctive and im portant unconform ity in both
basins; it defines the m ain structural elem ents
shown in Figure 4, because uplift occurred in Late
M ississippian-E arly Pennsylvanian in both ba
sins. The unconform ity overlying and flan k in g the
structural uplifts brings basal Pennsylvanian units
d irectly into con ta ct w ith rock s older than M is
sissippian bu t you nger than Precam brian. A lon g
the axis o f the N em aha ridge and the Central
K ansas uplift, Pennsylvanian u n its lie d irectly on
the Precam brian surface. Subsequent structural
events in m uch o f eastern K ansas have been
obscured by erosion so there is little record o f them
betw een Late Perm ian tim e and the E arly
Pleistocene.
Post-Cretaceous deform ation. - In the Salina
basin, evidence o f post-C retaceous deform ation is
shown by the gen tle northw estward dip o f the
Dakota Sandstone. The late Paleozoic rocks dip
gently (generally a small fraction o f a degree) to
the west or northw est in the Forest C ity basin and
west and southw est in the Salina basin. This
attitude is a reflection o f general westward tiltin g
m aintained since these rocks w ere deposited.

Deep Crust and Upper Mantle
T h e deep cru st and upper m antle in the M id 
continent have, in the absence o f sufficient geoUMR Journal, No. 3 (December 1982)
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Fig. 6. Crustal and upper mantle cross section approximately along B-B’. Basalt in the upper crust is from the
modeling o f Yarger (1980). (From Hahn, 1980).
physical data, gen erally been assum ed to be sim 
ple hom ogeneous m edia devoid o f intrabasem ent
structure. A lth ou gh data-gathering and analyses
are very prelim inary, geophysical evidence is begining to suggest that heterogeneities are present
in the deep crust and upper m antle beneath m uch
o f Kansas.
In a p relim in ary analysis o f a deep crustal
seism ic refraction profile extending from northcentral K ansas to eastern Colorado, Steeples (1976)
found that the crust-m antle interface (M oho) dips
about one degree to the west. The interpretation of
dip on the M oho is supported by an observed linear
gravity gradient o f 0.25 m illigal per kilom eter
(gravity increasing to the east) parallel to the line
o f the refraction profile. The result o f sim ulta
neous interpretation o f the seism ic refraction data
and the gravity data is that the crust thins by
about 10 km . from about 45-48 km in eastern
Colorado to about 34-38 km in north-central
Kansas. T h e crustal m odel interpretation derived
from the refraction and gravity data is supported
by travel tim es o f m icroearthquake P-waves that
travel eastw ard from southw estern N ebraska to
north eastern K ansas and w estw ard from sou th 
western N ebraska to near Denver, Colorado.
A recent study o f earthquake P-wave arrivals in
Kansas from events in South and Central Am erica
and A laska and Japan (Hahn, 1980; Hahn and
Steeples, 1980) suggests that a body o f m aterial in
the m antle that has a low er than norm al seism ic
P-wave velocity is present in northeastern K a n 
sas. Figure 6 shows a schem atic cross section o f

this low velocity body as deduced by H ahn (1980).
Figure 7 is a B ouguer gravity map o f the general
area. A lthou gh the interpretation in Figure 6
assum es that the low velocity body is genetically
related to the M G A , there m ay be other alterna
tive explanations that do n ot relate to the form a
tion o f the M G A .
However, L u i (1981) h a s show n that m icro
earthquake waves a rrivin g in eastern K ansas
from southw estern N ebraska along the top o f the
m antle are delayed as they cross the M G A sug
gesting that low velocity m aterial is present at the
top o f the m antle w ithin the M GA. H ahn and Lui
reached their conclusions en tirely independently
o f one another, so there is little question that low
velocity body is present in the upper m antle
beneath the M G A .
P relim inary interpretation by m e o f unpub
lished data from the deep crustal reflection survey
in A tchison and Jackson counties, K ansas, reveals
reflectors in the deep crystalline basem ent at
tim es o f 4 to 6 seconds and 8 to 10 seconds,
corresponding to depth o f a bou t 12 to 15 k m and 25
to 35 respectively. These data were gathered by the
Consortium for C ontinental R eflection P rofiling
(CO CO RP) as part o f the in itia l phase o f a set o f
spatially continuous deep crustal reflection sur
veys betw een A tchison C ou n ty and Cloud County,
K ansas. W hen this survey is com pleted in two or
three years, significant new data w ill be available
to help answer detailed structural questions about
the N em aha ridge and the M GA.
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Fig. 7. Bouguer gravity map with 10 mgal contours modified from Yarger and others 1980. Seismograph stations
are designated by three letter names. Line B-B’ is approximately the line of section shown on Fig. 6. (From Hahn,
1980).

SEISMIC REFLECTION STUDIES
The seismic reflection method is currently the
best method o f determ ining geological profiles
along vertical planes in the earth without exten
sive drilling. For a very readable, non-m athematical description o f exploration seismic tech
niques, the reader is referred to Cofeen (1978). For
a more technical discussion, Dobrin (1976) or
Payton (1977) are excellent. Only a very basic
discussion is presented here so that the reader will
be fam iliar with what information the seismic
record sections can convey. The records were
obtained from echoes o f sound energy that pene
trated from a controlled source on the earth’s
surface downward to rock-layer interfaces and
back to the surface. A t the surface, the sounds
were detected by low-frequency geophones and
recorded on digital computer tape in a recording
truck. Data were arranged and enhanced for
display by modern digital signal processing tech
niques (see, for example, Robinson and Treitel,
1980). The index map (Fig. 8) and the data are
displayed in standard seismic record-section for
mat (Figs. 9 through 12 and Fig. 14).
For the reader who m ay not be experienced in
the interpretation o f seismic record sections, a
brief explanation follows. One simple way to
regard such sections is to think o f them as
“pseudo-roadcut” . In other words, when one looks
UMR Journal, No. 3 (December 1982)

at a record section, it is analogous to going to the
field and looking at rocks in cross section in a road
cut. In the case of the record sections in this paper
(Figs. 9 through 12 and Fig. 14), the “pseudoroadcut” analogy involves a road cut a few miles
long and 2,500 to 5,000 feet deep. High amplitude
positive reflections are enhanced with the data
plotting system by blackening the peaks. This
results in the tops o f limestones and dolomites
being represented by black bands in much of the
section (Viola, Mississippian, Lansing, for exam
ple). Whether the top o f a particular rock unit is
represented by a rightward (positive) reflection
kick blackened on the records or by a leftward
(negative) reflection kick not blackened on the
records is determined by the density and velocity
(i.e., acoustic impedance) o f that particular rock
unit relative to the rock unit above it.
W ith the above explanation in mind, interpreta
tion then becomes a matter o f tracing out continu
ous blackened peaks that represent geologically
significant units (in this case limestones). Judging
what is a geologically significant reflection is
something o f an art best learned by experience. On
some record sections, however, it is not difficult for
an inexperienced interpreter to detect faults or
changes in dip by using the “pseudo-roadcut”
analogy. Let us use the roadcut im agination tech
nique to interpret the seism ic record sections in
this paper.
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Record Sections from East-Central
Nemaha County
Figures 8 and 13 show the general location in
east central N em aha County o f seism ic profiles A,
B, C, D show n on Figures 9 through 12. A lso shown
on Figure 8 are the traces and directions of throw
o f faults interpreted from the seism ic profiles.
These data were gathered by a Vibroseis* crew
and have been processed by m odern com puter
techniques prior to p lottin g in road-cut type record
sections.
A ll o f th e record sections are accom panied b y my
interpretation o f their m ore obvious features. The
attachm ent o f form ation nam es to particular re
flectors w as m ade possible by the use o f synthetic
seism ogram s calculated by Stander (1981) for his
thesis. T h e synthetic seism ogram s were gen er
ated from geophysical logs at the E delm an # 1 well
in N em aha County, K ansas, and they show w h at a
theoretical reflection seism ogram should look like,
given the physical param eters o f rocks as m ea 
sured in the borehole. V isual correlation was
m ade betw een the theoretical reflection seism o
gram s w here form ation nam es w ere known and
the observed seism ogram s o f Figures 9 through 12
w here form ation nam es were unknow n.
There are several features th at perm eate all
four o f th e profiles: 1) The V iola proves to b e a
good m arker bed, because it consistently produces
a strong positive (blackened) reflection wavelet. 2)
There are one or m ore faults a lon g each profile. 3)
For the m ost part, P ennsylvanian sedim ents are
draped rather than faulted over the top o f the
N em aha ridge. 4) A graben is present on all but
the C profile. The graben is shown near the m iddle
o f the index map on Figure 8.
Pertinent features o f the four profiles are dis
cussed individually in the follow ing paragraphs:
Profile A (Fig. 9A) shows the previously m en 
tioned graben better than any other profile. The
V iola shows a gen erally eastw ard dip o f about five
degrees along the length o f the profile. The H um 
boldt fault does not seem to be present on this
record section.
Profile B (Fig. 10A) is very instructive w ith
respect to deform ation o f the N em aha during
Pennsylvanian tim e. N ote in particu lar that as
one progresses from east to west, the tim e between
the Lansing reflection and the reflection from the
top o f th e M ississippian decreases by about 60
msec. This im plies thinning o f the rock section by
rou gh ly 100 m eters betw een the top o f the
M ississippian and the Lansing. There are three
ways for this th in n in g to have occurred:
‘ Registered Trade Mark, Continental Oil Company
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Fig. 8. Index map for seismic lines A, B, C, D of Figures
9 through 12 with traces of major faults shown. Location
is in east-central Nemaha County, Kansas, along east
flank o f Nemaha ridge.

1. The intervening units w ere deposited, uplifted,
then partially eroded prior to the deposition o f
the Lansing. This im plies erosional unconfor
m ity or unconform ities w ith in the section be
tw een the L a n sin g and the top o f the M issis
sippian.
2. U plift occurred either continuously or sporadi
cally during deposition o f the intervening units
betw een the Lansing and the M ississippian.
3. U plift occurred prior to deposition o f interven
ing units but not early enough for the top o f the
M ississippian to be flattened by erosion.
I prefer a com bination o f the second and third
possibilities, because there does not appear to be
evidence o f a m ajor erosional unconform ity during
the Pennsylvanian. For the third possibility to be
valid, uplift w ould have to be concentrated in a
very short tim e period ju st prior to the begin n in g
of Pennsylvanian deposition. There is apparently
a nearly flat-lyin g layer resting unconform ably on
the top o f the M ississippian at a depth o f about
1,900 feet starting one and one-quarter m iles west
and ending one and on e-h alf m iles west o f the east
end o f profile B. T h is certainly im plies onlapping
beds, i f not deposition o f sandy or cherty gravel
from nearby from the top o f the L ate M ississippian
or E a rly P ennsylvanian N em aha ridge to the
west. The lack o f sim ilar onlapping layers in other
areas o f the fou r profiles suggests uplift contem poUMR Journal, No. 3 (December 1982)
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Fig. 9A. Seismic record section of line A, Figure 8.
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raneously with deposition of Pennsylvanian sedi
ments. Continuous or sporadic uplift during the
Pennsylvanian is also suspected because o f the
draped Pennsylvanian sediments over the Nemaha
ridge that do not display extensive faulting. There
are also channel sands in the Pennsylvanian
section in the Nemaha-Pottawatomie County area
(locally known as Indian Cave Sandstone) that
may represent outwash from the Nemaha ridge.
Another significant area can to noted near the
center of profile B at a depth o f 2,500 to 3,000 feet.
Note that three continuous black reflectors at a
depth of 3,000 to 3,300 feet at the east end can be
followed westward to near the center o f the profile
UMR Journal, No. 3 (December 1982)

at which point the continuation only contains two
black reflectors. There is obviously a fault at that
location. It is impossible without either drill
evidence (preferably) or additional seismic profil
ing to tell which of the three reflectors was not
deposited or, alternatively, was eroded away. It is
also impossible to tell which side of the fault
moved up and which side moved down. If one
chooses to match the bottom reflector, the west
side apparently moved up. On the other hand, if
one chooses to match the top two reflectors, the
west side moved down. The presence o f the graben
on two other profiles and its location on Figure 8
would suggest downward movement to the west.

65

Structure of Salina-Forest City Interbasin
East

West

O

a>

i___ ——------------ :--------

Horizontal scale in miles

Fig. 10A. Seismic record section of line B, Figure 8.
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Fig. 10B. Interpretation o f record section of Figure 10A. The fault at the center of this figure is of indeterminant
direction of movement. Note that the three prominent basal reflectors at the east end of the line are reduced to two
reflectors west of the indeterminant fault.

The arrow on Figure 10B for this particular fault
should be view ed w ith suspicion and, in fact, is
inconsistent w ith the direction o f m ovem ent im 
plied by the graben. (The presence o f the graben is
not in question.) The inconsistent direction o f the
arrow is a rem inder o f the questionable interpre
tation.
Profile C (Fig. 11 A ) shows the existence o f a
nearly vertical fault w ith a throw exceeding 1,500
feet. This is a beautiful exam ple o f low er Paleozoic
sedim ents tru n ca tin g a b ru p tly a g a in st the P recam brian gran ite o f the N em ah a ridge. The in ter

pretation shown suggests reverse faulting, al
though it is possible that a vertical brecciated zone
is present in th e vicinity o f th e fault rather than a
true reverse fau lt. It w ould b e difficult to try to
interpret this fau lt as anything other than highangle reverse or vertical. A g a in , we see draping o f
the Pennsylvanian sedim ents over th e granite in
the N em aha ridge.
P rofile D (F ig. 12A) sh ow s the graben very
clearly as well as the draping o f the Pennsylvanian
units over the top o f the N em ah a ridge. A gain , a
substantial th row o f m ore than 1,000 feet is
UMR Journal, No. 3 (Decem ber 1982)
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present at the edge o f the ridge. A small horst is
interpreted to be present about two miles south o f
the north end o f this profile. There is clearly some
structure in that area, although the horst inter
pretation is not indisputable.

Record Section from Northern Nemaha County
Figure 13 is an index map for Nemaha County
and for the seismic record section displayed in
Figure 14A. Both figures are from Stander (1981).
These data were gathered by students from the
geophysics program at the University of Kansas
with support and supervision from the Kansas
Geological Survey. The data were recorded with a
MiniSOSIE* recording system, a technique that
adds together signals from 1,000 or more impacts
from an engine-driven earth compactor. The en
ergy input to the ground was sufficient to detect
reflections from 400 msec representing penetra
tion to depths o f about 2,000 feet.
Figure 14B shows Stander’s (1981) interpreta
tion o f the seismic data displayed in Figure 14A.
Note that the Pennsylvanian sediments are draped
over the edge o f the Nemaha ridge. Note also the
energy penetration was not sufficient to show the
Humboldt fault which runs beneath the western
third o f the area represented in Figure 14A.
The interpretation o f the line in Figure 13 is
divided into three sections: Forest City basin,
Humboldt fault zone, and Nemaha ridge. In Fig
ure 14B the shot point locations for lines A and B
are listed along the top o f the figure. The interpre
tation is tied to these shot-point numbers and is
based on discussion by Stander (1981). He pre
pared synthetic seismograms for the Edelman # 1
well at the east end o f line B and identified specific
units by name by correlation between the syn
thetic seismograms and the actual seismograms.
Stander identified four principal reflections at
the east end o f line B: 1) Admire Group at 105 ms,
2) Tecumseh Shale Group at 180 ms, 3) the
Drum-Dennis Limestones at 285 ms, and 4) top o f
the Cherokee Group at 375 ms. In addition to these
units, nearly 40 other limestone and shale units
averaging about 15 m in thickness are resolved on
the section. The rock units are nearly flat-lying
between shot points 187 and 35 on line B. A small
monocline with about 12 m of vertical offset is
present between shot points 24 and 35. Looking to
the west of shot point 25 (line B), the rock units are
again flat-lying until one reaches shot point 25 of
line A at the west edge of the basin.
The Humboldt fault zone begins near shot point
25 on line A and ends near shot point 95 on line A.
For the 1.1 km distance between these two shot
points, the rock units above the base of the Kansas
*Trade Mark of SNEA (P), France.
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City Group have an average apparent dip of 11
degrees eastward. At the east side of the fault
zone, between shot points 40 and 50, an apparent
dip of 23 degrees permeates the entire section
cropping out at the surface where DuBois (1978)
measured 19 degrees o f dip on Permian rocks in
the Council Grove Group. Westward from shot
point 50, a flat bench is present until one reaches
shot point 55 where an eastward dip of 12 degrees
begins and continues smoothly up to the crest o f
the ridge at shot point 95, interrupted only by a
small vertical fault. A t the crest of the ridge,
gentle dips are present throughout the section,
and DuBois (1978) measured dips o f two degrees
on ledges of the Wakarusa and Reading Lime
stones.
The small fault interpreted at shot point 68 has
about 7 ms o f time offset, corresponding to about
12 m of throw. DuBois (1978) estimated 50 to 75
meters of throw in the Permian section, depending
upon the actual dip at depth. It is entirely possible
that field recording and processing with multi-fold
common depth point (CDP) methods have ob 
scured part o f the faulting and explain part of this
apparent discrepancy in throw.
There is no question that DuBois made a correct
estimate o f the surface trace of the fault, based on
her surface mapping. W hen members of the K an
sas seismic reflection crew were doing some ear
lier reconnaissance work in the vicinity of the
fault, they discovered a discontinuity o f several
meters in the water table while drilling shot holes
within the area where DuBois postulated the fault
trace to be. Closer investigation o f the water table
revealed that the fault trace runs north-south just
a few meters west o f the drainage axis (marked by
a culvert on the road) o f a small valley in the
center of DuBois’ postulated area.
To the west of shot point 95 of line A, the
Pennsylvanian rocks lie unconformably on the
granite o f the Nemaha ridge. In actuality, the
rocks probably dip slightly to the east at the west
end of line A, but the data processing techniques
probably introduced the gentle apparent west
ward dip.

Summary of Seismic Reflection Interpretation
In summary, interpretation o f lines A and B
reveals one primary zone o f displacement perhaps
200 meters wide over the Humboldt fault zone. To
the east and west o f the fault zone, the sediments
are relatively undisturbed and flat-lying. There is
no question that post-Permian movement occurred
in the Humboldt fault zone, although the dis
placement (less than 75 meters) is minor com 
pared to displacement that occurred between the
Late Mississippian and Early Permian.
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Depth (ft)
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Horizontal scale in miles
Fig. 11 A. Seismic record section of line C, Figure 8.

I___________________________________ I

Horizontal scale in miles

Fig. 11B. Interpretation of record section of Figure 11 A.
UMR Journal, No. 3 (December 1982)
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Fig. 12A. Seismic record section of line D, Figure 8
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Fig. 12B. Interpretation of record section of Figure 12A.
The structure associated with the east flank of
the Nemaha anticline is extremely varied and
complex as shown in Figures 8 through 14. I
present here only a very small amount o f the
seismic data from surveys that have been per
formed by industry and the Kansas Geological
Survey. Yet, this small amount of data has in
dicated grabens, horsts, monoclines, normal and
possibly reverse faulting, and in general a very
revealing insight into the structural diversity
along the west edge of the Forest City basin.

REGIONAL GEOPHYSICAL
INVESTIGATIONS
Although the best tool presently available (ex
cept for drilling) for site-specific evaluation of
hydrocarbon potential generally is seismic reflec
tion, other geophysical tools can be extremely
useful in regional evaluations. Other geophysical
studies underway at the Kansas Geological Sur
UMR Journal, No. 3 (December 1982)

vey include the early stages of the statewide
gravity survey, a geothermal energy evaluation,
microearthquake recording, and the latter stages
o f statewide aeromagnetic analyses.

Aeromagnetic Map
The aeromagnetic map (Yarger and others,
1980) (Fig. 15) was produced from eastwest flight
lines spaced two miles apart with north-south tie
lines spaced 20 miles apart. This aeromagnetic
map is a powerful tool in the indirect study of
basement rocks in Kansas. Brief discussion o f the
more prominent features is included in the follow
ing paragraphs. Because this map is in a crude
sense an estimate o f magnetite content in the
crust, strong magnetic gradients infer either geo
logic structure or changes in mineral composi
tion, usually in the crystalline basement. The
map may, therefore, be used to guide exploration
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basin filled w ith Precam brian sedim ents and
overlain by volcan ic m aterial o f P recam brian age.
The second vertical d erivative aerom agnetic map
prepared by Y arger (1980, personal com m unica
tion) suggests that the W ich ita low is part o f an
east-w est trend o f lows that ru n s all the w ay across
K ansas and into Colorado and M issouri. Yarger
(1981) has discussed the p ossibility that this trend
o f lows represents an im portant Precam brian
crustal plate boundary. A series o f seism ic refrac
tion and reflection lines ru n across the W ichita
low in the future could narrow the num ber o f
alternative explanations, alth ou gh these experi
m ents are not explicitly plan n ed at this w riting.
There are num erous circular anom alies in west
ern K ansas and linear tren d s that parallel the
Central K ansas uplift. The basem ent is substan
tially deeper in western K ansas, and m agnetic
signatures are less striking. There is a m agnetic
low that trends northwest from Sm ith County
through Phillips County in to Nebraska. It is not
presently know n what the feature represents or
how far it extends into N ebraska.
One interesting feature th a t suggests possible
block faulting in the basem ent is the trend o f
strong m agnetic gradient th a t extends from eastcentral W abaunsee County past the southwest
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o f the basem ent and often to infer the approxim ate
trace o f faults.
In the northeastern part o f the state, several
intense circular m agn etic highs are present, and
they are collectively called the B ig Springs anom 
aly. They are about 10 m iles across and com m only
have positive m agnetic signatures o f about 1,000
gammas. H oles have been drilled to basem ent, and
Precam brian age cores have been recovered from
two o f these circular anom alies (Steeples and
Bickford, 1981). B ottom -hole cores from both lo
calities are granites that contain substantial m ag
netite (roughly 2% by w eight). The granite from
the M iam i County locality is coarse-grained,
whereas the granite from the D ouglas County hole
is m edium -grained. Both rocks are substantially
younger than the surrounding P recam brian crust,
which is prim arily com posed o f cataclastically
deform ed granite approxim ately 1630 m.y. old
(U/Pb ratios in zircons, B ickford and others, 1979).
The rock in the M iam i C ounty core is 1361 ± 6 m.y.
old, and the rock in the D ouglas C ounty core is
1339 ± 12 m.y. old, based on U /Pb ratios m easured
by Bickford (Steeples and Bickford, 1981). These
two drillholes, together w ith other sam ples now
being analyzed by B ickford, suggest a suite o f
previously unrecognized igneous intrusions that
occurred in K ansas after m ost o f the present
Precam brian surface had crystallized.
M ore than a dozen circular anom alies are present
w ith size and shape sim ilar to the two drilled
localities. T he intrusion o f gran itic m aterial at
several or all o f these sites is probable, and they
are likely to be favorable localities for deposition
o f ore m inerals or even the form ation o f petroleum .
This w ill be discussed m ore fu lly in the E xplora
tion Prognosis section. P relim inary analyses o f
CO CO RP data gathered over the top o f the one o f
these anom alies in A tch ison County do not reveal
any significant deep basem ent structure that is
detectable by seism ic m ethods.
Another prom inent feature on the aerom agnetic
map is the M GA, w hich enters K ansas from the
northeast in M arshall and W ashington Counties
and extends southwestward through Clay and
Riley C ounties into Saline and D ickinson C ou n
ties. As discussed earlier, the M G A is a rift system
that extends both northeast and southwestward
from the above m entioned counties.
In Sedgw ick, Butler, and Greenwood C ounties is
a large m agnetic low called the W ichita low
(Yarger, 1981). The source o f the W ichita low is not
yet known, although d rill evidence suggests it
must be at a lower elevation than the Precam brian
surface (Bickford and others, 1979). The low could
be caused by reversely m agnetized rock, by n on 
m agnetic intrusions such as anorthosite, or by a
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Fig. 13. Index map for Figure 14 seismic record section
northeast of Bern, Nemaha County, Kansas.
UMR Journal, No. 3 (Decem ber 1982)
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Fig. 14B. Interpretation of seismic record section of Figure 14A. (From Stander, 1981).
corner o f Shawnee C ounty into central Osage
County, w here it m akes a right angle turn toward
the southwest. This “ O sage elbow ” then extends
southwestward through Osage County and into
Coffee County, where it dies out against the
northeastern part o f the W ichita low. This feature
m ay have some exploration potential as discussed
later.
Yarger (1980, personal com m unication) has
noted that both the Salina B asin and the Forest
C ity basin have rather large circular m agnetic
highs near their centers. In the Salina basin, a 400
gam m a h ig h 60 to 80 k m in diam eter is present in
Cloud, M itchell, Jew ell, and R epublic Counties. In
the Forest City basin, a 600 gam m a high 50 to 60
km in diam eter is present in A tchison, Brown, and
D oniphan Counties, possibly extending slightly
into N ebraska and M issouri. It is not presently
known w hat, if any, structural significance can be
attributed to the m agnetic highs near the centers
o f the basins.

Gravity Map
The gravity m ap in Figure 16 is a prelim inary
version o f a map by Y arger and others (1980) that
does not show gravity station locations. The m ap
shows the M GA in very conspicuous fashion along

with the gravity lows that border th e M GA on both
flanks for alm ost its entire length. As discussed
earlier, the M G A itself is caused by extensive
mafic intrusions. The flanking gravity lows are
caused by the presence o f the P recam brian Rice
Formation, a thick section (as m uch as 10,000 to
15,000 ft.) o f elastics whose deposition was associ
ated w ith erosional processes d uring and after the
major rifting episode. The thickness and extent o f
the Rice Form ation will be m ore tightly con 
strained by the interpretation o f the CO CO RP
seism ic line w ith in the next couple o f years.
There is som e evidence that the H um boldt fault
zone is related to the very strong gravity gradient
at the K ansas-N ebraska border (40°N latitude)
between 95.9° and 96°W longitude. That particu
lar high gradient trend swings to the west about
10 km south o f the N ebraska border, suggesting
either that the H um boldt fault zone has a branch,
which swings to the west, or that the high gravity
gradient is on ly indirectly related to the H um 
boldt fault zone.
There is a gravity low o f unknow n origin that
extends from about 39.1°N latitude by 94.8°W
longitude to 39.7°N latitude by 96.0°W longitude.
It is n otew orthy th at the h ig h am p litu d e aero
m agnetic anom alies (i.e., B ig Springs anom aly)
UMR Journal, No. 3 (December 1982)
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that were drilled to basement do not have positive
gravity signatures. As mentioned previously, these
anomalies were caused by the unusually high
magnetite content in the granite rather than by a
mafic rock with both high density and high
magnetic susceptibility.
It is expected that a statewide gravity map of
Kansas contoured at one mgal level w ill be avail
able by about 1984. That m ap will be valuable
asset in analyses o f basement structure and tec
tonic features.

Geothermal Gradients
Recent efforts have been m ade at the Kansas
Geological Survey to evaluate the geothermal
regime within the state. Initial steps have been
taken to construct a geotherm al map o f Kansas
from oil and gas w ell geophysical log temperatures
combined with therm al logs run by members of
the Survey and the personnel in Dr. David
Blackwell’s laboratory at Southern Methodist Uni
versity. Although the map is not yet complete,
some data are available, which are representative
o f typical geothermal gradients.
As part o f a hydrological study of the Arbuckle
Formation, the Kansas Geological Survey partici
pated in the drilling o f four holes to the Arbuckle
at locations noted in Figure 4. Prelim inary ther
mal logging has been performed on all four holes
by personnel from Blackwell’s laboratory. The
thermal logging equipment was not capable of
reaching the bottom o f the holes, so these data
should be considered prelim inary pending results
from deeper logging. Samples of core or wellcuttings have b een sent to Blackwell’s laboratory
for thermal conductivity measurements. The fol
lowing geotherm al gradients have been measured
to date in the fou r holes drilled on this project
(Table 1).

Microearthquake Recording
During the period from 1867 to 1977, there were
at least 25 earthquakes felt that had their epicen
ters in Kansas (DuBois and Wilson, 1978). These
earthquakes are an indication that some tectonic
features in Kansas are still slightly active. In
order to evaluate present-day tectonic activity
better, a microearthquake earthquake network
was established by the Kansas Geological Survey
in 1977. (A microearthquake is defined as an
earthquake that is too small to be felt by humans.
This is generally a Richter m agnitude of less than
3.)
The station locations are shown on the base map
o f Kansas (Fig. 17). Microearthquakes that have
been recorded between October 1,1977, and Octo
ber 1,1980, are plotted on a basement fault map o f
K ansas in Figure 18. A total o f 58 m icroearth
quakes are plotted w ith magnitudes ranging from
1.3 to 3.3. In general, the locations correspond to
zones o f major structural deformation in the base
ment.
Several microearthquakes have occurred along
the Nemaha ridge during the recording period.
The pattern o f epicenters shows that many faults
have experienced slight movements rather than
the earthquakes being confined to a single fault.
These data further support the idea that there is a
zone o f deformation around the Nem aha ridge (the
Humboldt fault zone) and that m any faulted
structures are present in the vicinity o f the ridge.
Some o f the faults o f the Central Kansas uplift
also have shown activity during the recording
period. Several of the events clustered just across
the Nebraska border from Decatur and Norton
Counties have been felt with M odified Mercalli
intensities as high as MM IV. The area o f activity
is coincident with the Sleepy Hollow oil field, the

Table 1
Geothermal Gradients in the Arbuckle Formation
Location______
Gradient (C/km)
Depth Logged (meters)
Douglas County
30.3°
565
Labette County
28.5°
520
Miami County
36.0°
395
Salina County
30.7°
565
Preliminary data from Blackwell indicate an
unusually high rate o f radioactive heat genera
tion, about 11 h eat generation units— 1 HGU = 1
x 10'13 cal/gm /sec —in the core from the Miami
County hole, compared to 5 to 6 HGU for typical
granites. These heat generation data imply the
presence o f higher than norm al concentrations of
uranium, thorium , and potassium, or at least one
or two o f these elements.
UMR Journal, No. 3 (December 1982)

largest producing field in Nebraska. It is not yet
clear whether the structures are oriented in a di
rection and location favorable to present-day tec
tonic earthquake activity or i f the earthquakes may
for some reason be induced by secondary oil re
covery by water-injection. I f the water-injection is
causing the earthquakes, then one could ask why
sim ilar injection operations in Kansas do not
induce earthquakes. These questions w ill not have
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answers until m ore detailed recording is done
along the Central K ansas uplift to establish reli
able focal depth and better m agnitude versus
frequency o f occurrence plots.
A nother interesting set o f m icroearthquakes
has occurred in W ashington, Republic, and Cloud
Counties. These events are also plotted on Figure
16 to show their genetic relationship to the M GA.
Cole (1976) did not show any basem ent faults in
this three-county area on the Precam brian base
ment map o f Kansas, but he did show a northeastsouthwest trending anticlinal feature. The com 
bination o f m icroearthquakes and aerom agnetic
and gravity m odeling by Yarger (1980) dem on
strate that there are basem ent faults in this area.
There are also several events plotted in Barber
County. These events, com bined with the events
along the M G A and the basem ent faults between
them, form an apparent linear structural trend
130 to 150 km west o f and parallel to the N em aha
ridge. The genetic relationship o f these two struc
tural trends is not yet clear, but previously m en
tioned aerom agnetic evidence by Yarger (1980,
personal com m unication) suggests that the w est
ern trend is related to southw ard extension o f the
M GA into Oklahom a.
In summary, the m icroearthquakes show that
tectonic activity in the M idcontinent continues
today and that m ost o f the m ajor fault-related
structures can be ou tlin ed b y p lottin g m icro
earthquake activity for a few years. The trends of
m icroearthquake a ctivity also define zones in the
basem ent, w here sufficient fault-related perm e
ability m igh t exist to allow the circulation of
fluids from the deep crust. I believe that this may
be an im portant key to evaluation o f m ineral and
petroleum potential in relatively unexplored areas
in the M idcontinent.

EXPLORATION PROGNOSIS
In the exploration for both petroleum and other
m inerals, there is often a gray area in defining
w hether one has discovered a resource or not. In
other words, som ething m ight not be considered a
resource at two dollars per barrel (or ton or
whatever), but at $50 per barrel, it m ight be
considered an attractive resource. A s m entioned
earlier, the Salina and Forest City basins have
produced ju s t enough oil to m ake industry look for
more. Let us exam ine some o f the possibilities
concerning the presence or lack o f presence o f oil
in these tw o basins and w hat m ight be done to
search for an increasingly attractive resource.
There appear to be three possibilities to explain
the nonexistence o f petroleum resources in the
basins in the geologic present: 1) The resource
has form ed at some other place but has not

m igrated to th e basins. In oth er words, the basins
have never had a resource. 2) The resource form ed
in the basins, but m igrated away horizontally
and/or vertically. 3) The resource has not yet had
the proper physicochem ical conditions to form in
the basins even though favorable initial condi
tions are present.
I w ill discuss these possibilities for the Salina
and Forest City basins. In addition, I will propose a
new hypothesis to explain th e existence o f small
petroleum deposits in both basins as follows: The
petroleum was form ed loca lly w ith in the basins
and the form ation was controlled by local in 
creases in the geotherm al gradient, probably dur
ing the Cretaceous. This hypothesis also has
ram ifications for future exp loration for m etallic
m inerals.

Petroleum Occurrence and Exploration
In a classic paper, W alters (1958) presented
convincing evidence that m u ch of the petroleum in
the central and southern parts o f K ansas m igrated
northw ard from a source area in O klahom a. He
pointed out th a t if the m igration process is slow
enough for oil to segregate b y density in structural
traps betw een repeated episodes o f structural
tilting, the h ig h gravity o il would be the first to
spill out from beneath structural traps. This
provides gas accum ulations in southern K ansas
w ith gas-oil com binations in central K ansas and
heavier oils on the southw est flanks o f the Central
K ansas uplift.
He suggested that the oil never m igrated north
ward into the Salina or F orest City basins. This is
not the total answer for the basins, however,
because some com m ercial petroleum production
has occurred. I f the petroleu m never m igrated into
the basins, as proposed by W alters, then the above
second and th ird possibilities m ust be considered.
Som e petroleum has been produced from lower
Paleozoic rocks in the basins, but I am not aware o f
evidence suggesting that m ajor petroleum re
sources form ed in either b a sin and then m igrated
away. There is no nearby p etroleu m province that
has a gas-light, oil-heavy o il progression p ointing
back to either basin. However, it is possible that
m ajor am ounts o f p etroleu m could have been
totally flushed out and w ashed away during one o f
the erosional episodes o f th e Paleozoic era. The
basins have never been subjected to the deep
burial that w as experienced by the A nadarko
basin in O klahom a. It is likely that the sm all
deposits o f petroleum found in the early Paleozoic
age rocks in th e two basins form ed as a result o f
locally favorable conditions w ithin the basins
them selves an d that part o f the oil was lost from
the structures with subsequent tiltin g events,
UMR Journal, No. 3 (Decem ber 1982)

UMR Journal, No. 3 (December 1982)
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Fig. 15. Aeromagnetic map of Kansas. Computer contoured at Kansas Geological Survey with 50 gamma contour interval. (From Yarger and others,
1980).
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bounding faults of MGA. (From Yarger and others, 1980).
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stations. Stations shown by squares were installed in 1981.

because the early and mid-Paleozoic oil-bearing
structures in the Forest City basin are typically
only about 60 percent full to structural closure
(Lynn Watney, 1980, oral communication).
I believe that all of the observed oil production
in the two basins can be explained by the third
possibility. It is well established in the literature
that formation o f petroleum deposits requires the
heating o f hydrocarbon-bearing sediments for pe
riods of 10 million to 100 million years, depending
upon the degree o f heating and chemical makeup
o f the sediments. It is generally thought (for
example, see Tissot and Welte, 1978) that the
majority o f petroleum is formed at temperatures of
50° to 70°C, temperatures normally found in the
Midcontinent at depths of 1.0 to 1.5 km.
Many of the early and middle Paleozoic sedi
ments and most o f the late Paleozoic sediments
have probably never experienced burial deep
enough to encounter normal geothermal gradi
ent temperatures high enough for the formation
of petroleum. However, there are likely to have
been episodes o f localized heating in the upper
crust caused by fluid circulation upward from
depths sufficient to provide the necessary heat for
considerable periods of time. This may sound like
a radical suggestion for the Midcontinent and
Central Stable Region, so it is necessary that I
UMR Journal, No. 3 (December 1982)

present some evidence to support the hypothesis of
localized heating.
Most importantly, there is no question that
some sort of thermal event occurred in Kansas
after the deposition o f Permian sediments, proba
bly during the Cretaceous. The Riley County
kimberlites were probably intruded about 100
m.y. ago (Brookins, 1970). Even though kimberlites
are a relatively low temperature type of igneous
intrusion, they establish a path for hot fluids
from the mantle. While the kimberlites them
selves probably do not bring along sufficient heat
from the mantle to cook large amounts of petrole
um, no one knows how much hot fluid enters the
crust during the few million years following
kimberlite intrusion. The intrusion o f kimberlites
implies high fluid pressures for a period of time in
the mantle prior to the actual intrusion. For a
period of time after the intrusion, fluid flow must
occur within the mantle to reestablish equilibri
um. This allows for fluid penetration into the crust
for some indeterminate length of time following
initial intrusion.
Kimberlite swarms world-wide typically occur
as groups of dozens of intrusions rather than as a
small group like the six known occurrences in
Riley County. This suggests that there may be
many more kimberlites in the north-central and
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northeastern parts o f K ansas that have not yet
been discovered. There is potentially a large
amount of heat in isolated localities that could
have come into the upper crust episodically during
the Cretaceous.
Further evidence o f a therm al event in Kansas
during Cretaceous time comes from two sources.
The Rose dom e in W oodson County has an occur
rence o f Precam brian gran ite intruded into
Pennsylvanian sediments, indicating high pres
sure intrusion in the solid state. The nearby H ills
Pond peridotite, which is intruded into the same
sediments, again represents m antle-type material
that is intruded into the upper crust. These events
are also thought to be Cretaceous in age (Zartman
and others, 1967).
Possible indirect evidence for a larger thermal
event in the area o f the basin comes from a
proposed m antle hot spot that traced west to east
across N orth Am erica (Crough and others, 1980).
They proposed that most, if not all of the world’s
kimberlites are related to the passage o f the
em placement area over the top o f a mantle plume
(hot spot). They believe that the kimberlites in
North A m erica get generally younger to the east
because o f the westward passage o f the continent
over the top o f a hot spot or plume (Morgan, 1972)
that is fixed in place in the deep mantle. The
proposed hot spot is now beneath the Bermuda
area in the Atlantic ocean.
The passage of a m antle spot beneath eastern
Kansas would have taken the order o f ten m illion
years, depending upon the effective diam eter of
the hot spot and the tectonic velocity o f the North
Am erican continent relative to the hot spot. W hile
the Riley county kim berlites are direct concrete
evidence o f the thermal event, the proposed hot
spot track should be considered as intriguing but
tentative evidence at this point.
The hydrocarbons of the basins have been stud
ied in a very prelim inary manner by A. C. Cook,
who exam ined vitrinite reflectance of some well
samples in the two basins as well as in other parts
of Kansas. The oil generation zone for vitrinite
reflectance is com monly thought to be 0.5 to 1.0
percent, although some oil has been found in both
Germany and Australia where vitrinite reflec
tances as high as 1.3 percent were present in rock
samples. Cook had samples from limited vertical
extent o f the rock section, so no indication of
vertical rank is available. The following quote
sums up the p relim in ary work o f Cook (1977):
“ From p relim in ary inform ation obtained on
vitrinite reflectivity, it appears probable that a
large part o f the Pennsylvanian succession in
northeast Kansas is too im m ature for oil to have
been generated.”

Again, we com e back to the fact that some oil
has been generated and produced in the two
basins. I have proposed above that localized heat
ing during a Cretaceous therm al event formed
some small deposits o f petroleum. Let us look at
the ram ifications o f this proposed explanation in
terms o f future oil exploration.

Exploration Strategy
To some degree, the hypothesis set forth in the
previous section is testable in practice. It suggests
that oil should be found in or near localities where
perm eability (or at least fractured rock) exists in
the crystalline basement, providing pathways to
ward the surface for fluids from the crust and
upper mantle. We should then expect to find oil
associated w ith kim berlites and/or major fault
zones, at least in the general sense.
That is, in fact, exactly the case as can be seen on
the oil field m ap o f Figure 1. There are several
small fields in southeastern Clay County within
15 km o f the known kim berlites of Riley County
(shown in Figure 19). The boundary faults o f the
M GA are also in the same vicinity (Yarger, 1980).
The oil fields o f Nemaha, Brown, Pottawatomie,
Jackson, and Wabaunsee Counties are all located
within 15 km o f the H um boldt fault zone. The
pattern o f m icroearthquakes (Fig. 18) certainly
shows that faults are present that have not yet
been mapped. Also, the seism ic record sections in
Figures 9 through 12 show that there is plenty of
com plex structure present, rather than a single
Hum boldt fault. The m icroearthquake data sug
gest that a zone o f deform ation 40 or 50 km wide is
present along the east flank o f the Nem aha ridge. I
propose that faults in this w hole zone o f deforma
tion have the potential to have assisted in the
movement of hot fluids to the surface, possibly
producing isolated deposits o f petroleum.
Some sizeable oil fields are present in central
and south-central Salina County. These oil fields
exactly overlie strong aerom agnetic gradients
(com pare Figs. 1 and 15). These strong gradients
are in the area where the boundary faults o f the
M GA penetrate deeply into the basement. Fur
thermore, the north-northeastwardly trending
“ grain” o f the oil fields extending from Harper and
Barber Counties points northeastward to Salina
and Clay Counties. The second vertical derivative
o f the aerom agnetic map (Yarger, 1980, personal
com m unication) shows grain direction identical to
the oil fields.
W ith these observations in mind, I propose the
follow ing general locations as possibly favorable
for petroleum accum ulation:
UMR Journal, No. 3 (December 1982)
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Fig. 18. Microearthquakes and faults located by Kansas Geological Survey between December, 1977, and October
1980. Riley County kimberlites shown by stars. (Thousand foot structural contours on basement and faults after
Cole, 1976).

1. Around the flanks o f the Nemaha ridge, par
ticularly where structural closure is found
within a few kilometers o f basement faults.
2. Around the flanks of the MGA, again in the
vicinity o f the faults and where closure may be
indicated.
3. In other areas where faults are indicated by
strong aeromagnetic gradients. One place in
particular that fits in this category is the
“Osage elbow” and its extensions to the north
west and southwest. The extension to the
southwest is exactly on line with and parallel
to the shoestring sand deposit that is shown
extending from north-central Greenwood
County southwestward to south-central Butler
County. It is possible that the “ Osage elbow”
represents a major basement unconformity
that may have a pathway for hot fluids and
potential for Pennsylvanian shoestring devel
opment or structural traps. Block faulting
during the Pennsylvanian may have created
reefs or sand bars along the boundaries o f the
“Osage elbow” .
4. The circular magnetic anomalies such as the
UMR Journal, No. 3 (December 1982)

Big Springs anomaly may be attractive explora
tion targets. The favorable exploration sites
would be expected to be around the periphery of
the circular anomalies, because fluids could
come up along boundary contacts between the
intrusions and older basement rocks.
A t the present time, the extent and importance
of the Cretaceous thermal event is unknown.
Modern geothermal gradient data suggest a rather
uniform temperature field in the upper crust in
Kansas. The time required to reach thermal
equilibrium after the end of the Cretaceous ther
mal event is o f the order o f about 10 m illion years,
and present-day tectonic activity is minor, so the
relatively uniform thermal conditions are not
surprising. However, the areal extent o f thermal
disturbance during the Cretaceous is unknown. It
may be limited to a very small area around the
kimberlites, in which case the ideas presented in
this section are suspect, or if Crough and others
(1980) are correct, the thermal event could have
major importance on exploration strategy in Iowa,
Nebraska, and Missouri. In the latter case, struc
tural closures near basement faults could be
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desirable exploration targets w ithin the Salina
basin and the Forest C ity basin, rather than just
along the boundary betw een them .
The im plem entation o f the strategy proposed
here w ould best be done by eva lu ation o f aero
m agnetic and gravity data to select sites for high
resolution seism ic reflection surveying sim ilar to
those for which the results are shown in Figure 14.
A ll o f this must be tied to existing drill inform a
tion and in the final analysis to new drill inform a
tion. From a m ore scientific view point, it w ould be
possible to detect the presence o f m antle or deep
crustal fluids geochem ically by isotope ratios o f H
and O and by higher than norm al concentrations
o f S i0 2, Cl, B, Na, K , Li, Rb, Cs, and As (W hite,
1973; Fournier, 1973; Fournier and Truesdell,
1972).

Metallic Minerals Exploration
It has been know n for m any years that ore
deposits often represent the end product of upwelling of geotherm al fluids. O ne o f the com m on
present-day geotherm al exploration strategies pre
sumes th at upw elling o f ore-bearing geotherm al
fluids occurs in basem ent fault zones. These fault
zones are detected by such geophysical m eans as
gravity and m agnetic surveys and the recording of
m icroearthquakes. Because ore deposits represent
“fossil geotherm al areas” , it is logical to carry the
geotherm al exploration strategy one step farther

and to prospect for the original basem ent fault
zones that controlled depositional locations o f
minerals. A gain, one com es back to the discussion
concerning the possible im portance o f the therm al
event o f the Cretaceous and to the question o f what
defines a resource.
A t present, there are no base-m etal mines
operating in K ansas. In the past, cadm ium and
germ anium were produced as by-products o f leadzinc production in the Tri-State district (Berendsen,
1975). The w estward dipping strata in that district
probably hold additional m ineable resources o f
lead, zinc and other by-product m etals. In addi
tion, d rilling for petroleum has occasionally pro
duced cuttings containing lead and zinc m ineral
ization in several counties outside the Tri-State
district (Evans, 1962). Copper m ineralization is
known to exist in several places in the state in
Perm ian rocks, although no copper has ever been
com m ercially produced (W augh and Brady, 1974).
A lthough the potential for m any other m inerals
is relatively unknow n, it is reasonable that if one
could strip o ff all o f the sedim entary cover from
the state o f K ansas, the basem ent would contain
m ineral diversity roughly equivalent to that o f the
Front Range o f the R ocky M ountains. In effect, the
only way we can sam ple the basem ent is by
drilling, so deepening o f petroleum exploration
holes into the Precam brian is a very desirable
objective from a m ineral exploration viewpoint.
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Geological Evolution and Energy Resources of
the Williston Basin
L e e C. G e r h a r d *

ABSTRACT
The Williston basin of North Dakota, Montana, South Dakota, and south-central Canada (Manitoba and
Saskatchewan) is a major producer of oil and gas, lignite, and potash. Located on the western periphery of the
Phanerozoic North American craton, the Williston basin has undergone only relatively mild tectonic distortion
during Phanerozoic time. This distortion is largely related to movement of Precambrian basement blocks.
Sedimentary rocks of cratonic sequences Sauk through Tejas are present in the basin. Sauk, Tippecanoe, and
Kaskaskia Sequence rocks are largely carbonate, as are the major oil and gas producing formations. Absaroka and
Zuni rocks have more clastic content, but carbonates are locally important. Clastics of the Zuni Sequence (Fort Union
Group) contain abundant lignite. Tejas Sequence rocks are not significant in the production of minerals and energy,
although glacial sediments cover much of the region.
Oil exploration and development in the United States portion o f the Williston basin in the time period 1972 to
present has given impetus to restudy of basin evolution and geologic controls for energy resource locations. In
consequence, oil production in North Dakota, for instance, has jumped from a nadir 19.5 million barrels in 1974
(compared to previous zenith of 27 million in 1966) to 32 million barrels in 1979 and 40 million barrels in 1980.
Geologic knowledge of carbonate reservoirs has expanded accordingly.
Depositional environments throughout Sauk, Tippecanoe, and Kaskaskia time were largely shallow marine.
Subtidal and even basinal environments were developed in the basin’s center, but sebkha deposits were abundant
near the basin’s periphery. Evidence of subaerial weathering was commonly preserved in structurally high areas and
on the basin’s periphery, especially in late Kaskaskia rocks. Some pinnacle reefs were developed in Kaskaskia time,
morphologically similar to the Silurian pinnacle reefs of the Michigan basin.
Clastic sediments were transported into the southern (U.S.) part of the basin during Absaroka time, a product of
erosion o f ancestral Rocky Mountain orogenic structures. Continental and shallow marine clastic sediments were
deposited until deeper Cretaceous marine environments were established. Laramide orogenesis to the west provided
detritus that was deposited in fluvial, deltaic, and marginal marine environments, regressing to the east. Major
lignite deposits are part o f this post-orogenic regressive rock body.
Major structures in the basin have ancient histories, many of them probably pre-Phanerozoic in origin. Reversals of
structural movement on faults occur during Paleozoic events. Meteorite impact structures have been hypothesized in
the basin, and some early Saukian structural complexity is seen.
A rapidly accumulating computerized data base in the North Dakota part of the basin is serving to establish the
Williston basin as a model for study of cratonic basin structural grain and evolution.

INTRODUCTION
Recently successful oil exploration and devel
opment in the W illiston basin has clearly demon
strated the inadequacy o f previous tectonic and
sedimentologic models o f the basin to predict
occurrences o f mineral and fuel resources. The
United States portion o f the basin has sustained
oil development during the last half o f the 1970’s
that is rem arkable in its definition of new struc
tures, new producing horizons, and success rates.
The largest single segment o f the basin is the
North Dakota portion (Fig. 1), which includes the
deepest part o f the basin and the thickest Phan
erozoic section. In 1977, the wildcat success rate
was 25 percent; in 1978, 28 percent; in 1979, 33
percent; and through the first six months of 1980,
36 percent, compared to a national 10 to 12.5
percent. Although South Dakota and Montana
also sustain active programs, their success rates

are lower. M ontana has the second most active
drilling program in the basin, and it has been
successful.
Oil and gas are not the only mineral and energy
resources o f the basin. W illiston basin lignite
reserves are huge and are actively being explored
and utilized. Potash resources are potentially far
more valuable than the lignite but are not yet
being mined.
Coincident with energy development, interest
in water resources (for energy transportation) and
overall economic significance o f the basin has led
to a serious study o f basin geology with numerous
programs o f investigation underway. Programs of
the North Dakota Geological Survey, the United
States Geological Survey, the Department o f En
ergy, and several oil companies deserve particular
note; much o f the information in this summary is
derived from these sources.

North Dakota Geological Survey and Department of Geology, University o f North Dakota. Grand Forks, North Dakota 58202.
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Fig. 1. Index map showing location of the Williston basin in the United States and
Canada. Modified from Worsley and Fuzesy, 1978.

The W illiston basin is a slightly irregular,
round depression in the western distal Canadian
Shield. It lies ju st north o f the latitude o f the
Rocky M ountain structural grain directional
change from north-south trends to northwestsoutheast trends. Structural trends within the
basin reflect both major structural directions (Fig.
2). Several writers have hypothesized a wrench
fault system for control of the basin’s geometry
and structure (Thomas, 1971; Brown, 1978) but
have not integrated this information on sedimen
tary depositional facies and porosity development.
UMR Journal, No. 3 (December 1982)

Approxim ately 16,000 feet o f sedimentary rocks
are present in the deepest part o f the W illiston
basin near Watford City, North Dakota. The deep
est well in the basin encountered Precambrian
rock at 15,260 feet; the deepest oil production is
from 14,343 feet in the Ordovician Red River
Formation (Mesa #1-13 Brandvik, Dunn County,
North Dakota).
Rocks deposited during all periods o f Phanerozoic
time are present in the basin (Fig. 3). Paleozoic
rocks are m ainly carbonates, followed by the more
highly clastic Mesozoic rocks and nearly all clastic
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Fig. 2. Major structures o f the Williston basin based on current subsurface structural mapping and geophysical
interpretations.

Cenozoic rocks. Sloss’s sequence concept (1963) is
particularly useful in the study o f these rocks,
because it serves to “ package” m ajor transgressive
cycles o f continental scale w ith accom panying
sediment deposition. For this reason, discussions
o f stratigraphic units and their significance in
deciph erin g the structural evolu tion o f the
W illiston basin is organized by sequences, follow 
ing the practice o f Carlson and Anderson (1966,
1970).
Regional studies o f W illiston basin rocks have
been published infrequently. Several im portant
contributions, w hich are used extensively in this
paper, are the papers o f Porter and Fuller (1959),
Carlson and Anderson (1966), the various papers
presented in the G eologic A tlas o f the Rocky

M ountains (M allory, 1972), and M cA uley (1964).
Several unpublished works o f oil com pany geolo
gists are also used in this paper, especially those o f
Jam es Clem ent (1975-1980, personal com m unica
tion).
Several bursts o f interpretive w riting are evi
dent in the literature about the W illiston basin.
Each proceeds from an equivalent burst o f m ineral
or fuel developm ent activity. This cycling o f activi
ties is com m on to most petroleum provinces. The
W illiston basin is in its third cycle o f oil develop
m ent and is rapidly increasing oil production,
w hereas most o f the rest o f th e adjacent “ 48” has
sustained declining production. N orth Dakota
contains most o f the U nited States portion o f the
W illiston basin; its statistics are im pressive. After
UMR Journal, No. 3 (Decem ber 1982)
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reaching a high o f 27 million barrels o f oil pro
duced in 1966, production declined to 19.5 million
UMR Journal, No. 3 (December 1982)

barrels in 1974. During the third cycle o f develop
ment, production began to increase in 1975 and

Resources of Williston Basin
reached a new historical high o f 32 m illion barrels
in 1979 and 40 m illion barrels in 1980. Concurrent
w ith this burst o f developm ent, research in oil and
gas reservoir geology, regional depositional sys
tem s, and other aspects o f basin analysis has been
revived w ith applications o f technolgy developed
since the m id-sixties. Sum m ary papers o f this era
are included in Estelle and M iller (1978) and in
several publications o f the N orth Dakota G eologi
cal Survey (Carroll, 1979; Bjorlie, 1979; Bluem le
and others, 1980; Lerud, 1982; and Scott, 1981,
am ong others). Various papers presented at na
tional and regional society technical program s
have also added ideas and data to the present
research cycle.
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TECTONIC SETTING
The C anadian S h ield extends under the
W illiston basin to the C ordilleran geosyncline.
The W illiston basin form s a large depression on
the western edge o f the shield and is located in
m uch o f N orth D akota, northw estern South
Dakota, and the eastern quarter o f M ontana. A
significant portion is in southern Saskatchewan.
This part o f the craton is bordered on the south by
the Sioux arch, on the southwest by the Black
H ills uplift and M iles C ity arch, and on the w est by
the Bowdoin dom e and Poplar anticline (Fig. 2).
The structural grain o f the region appears to be
controlled by the offset in the R ocky M ountain
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chain between the north-trending Southern Rocky
M ountain Province and the north-trending N orth
ern Rockies. The zone o f offset in W yom ing and
M ontana (Central Rockies) is characterized by the
northwest structural grain o f basin and range
configuration. R egional w rench faulting along the
Cat Creek and Lake Basin zones suggests that
structural control o f the W illiston basin is related
to a large-scale “tear” in the ed ge o f the craton.
Ballard (1963) outlined a h in ge line for the
eastern part o f the W illiston basin in central
North D akota (see also Laird, 1964) that is the
provincial boundary between the Superior and
Churchill Provinces o f the Canadian Shield. Strati
graphic and gravity studies suggest that this
boundary is an im portant factor in Phanerozoic
basin developm ent.
Structural trends w ithin the W illiston basin
reflect both the north and northw est trending
grain o f the R ocky M ountain provinces. The Cedar
Creek anticline and Antelope anticline are north
west trending structures. The Poplar anticline is
slightly divergent from these b u t is also generally
northwest trending. The N esson, B illings, and
Little K nife anticlines are north trending struc
tures. An additional northw est trending struc
ture, w hich is an extension o f th e Antelope anti
cline in the southwest part o f th e basin, has been
mapped in the course of preparation o f this paper
(Bism arck-W illiston zone).
Several sm aller structures on the eastern shelf
have been m apped by B allard (1963). O f these,
those in Foster and Stutsm an C ounties are proba
bly im portant. H is Cavalier h ig h is apparently a
paleotopographic afteraffect o f pre-M esozoic drain
age (Anderson, 1974).
Two other structural elem ents are significant to
basin interpretation, the Red W in g C reek struc
ture and the New porte structure (Fig. 2). Both o f
these structures are enigm atic, although the Red
W ing Creek structure has been described as an
astrobleme (Brennan and others, 1975; Parson
and others, 1975). The N ew porte structure is
apparently a faulted block o f ea rly Paleozoic age in
which oil has been trapped alon g unconform ities
within Cam brian and O rdovician sedim entary
rocks. One w ell produces from Precam brian crys
talline rocks (Clem ent and Mayhew, 1979).
Indications o f other tectonic elem ents or theo
retical projects o f deform ation have been pub
lished by several writers. K earns and Trout (1979)
illustrated satellite im agery surface lineations
w hich are northw est and northeast trending.
Although northw est trending structures are known
to be o f significance in the basin, this is one o f the
few illustrations o f northeast trends that control
much o f the M ississippian structurally-assisted,
UMR Journal, No. 3 (December 1982)
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Fig. 4. Stratigraphic column o f the Sauk Sequence. Modified from Bluemle and others, 1980.
stratigraphic oil traps in north-central North
Dakota.
Several w riters have attem pted to establish a
wrench faulted fram ew ork for the basin. Most
recently, Brown (1978) has used isopach varia
tions in individual stratigraphic units to build a
wrench fault deform ation fabric for the southern
part of the basin. Earlier, Thom as (1971) built a
regional theoretical m odel for w rench fault tecton
ics in the M ontana and N orth Dakota parts o f the
basin.
There is little question in m y m ind that sedi
m entation and structure o f the basin are con
trolled by m ovem ent o f basem ent blocks, which
were structurally defined in pre-Phanerozoic time.
One of the earliest clear dem onstrations o f this
was made by C arlson (1960), w ho drew attention
to the Cam brian topographic relief on the Nesson
anticline. Carroll (1979) illustrated the role o f
Precam brian topography in Red R iver porosity
development.
The relative im portance o f w rench faulting,
interprovince shearing, vertical-tensional defor
m ation, and continental boundary com pression or
tensional stress has not been evaluated for the
tectonic fram ew ork o f the basin. Studies o f deposi
tional systems a n d m apping o f structural changes
through tim e are underway and should m aterially
assist in the tectonic interpretation o f the basin’s
history.

STRATIGRAPHY
Sauk Sequence
Phanerozoic sedim entation was initiated in the
W illiston basin d u rin g the latest Cam brian
(Trem pealeauean) tim e (Fig. 4) as the m argin of
the early craton w as transgressed from the west by
shallow m arine water. In all probability, the entire
basin sustained upper Sauk clastic sedim entation
(Deadwood Form ation); however, the eastern mar
gin now retains only isolated rem nants o f the
Deadwood. The total thickness of the Sauk sedi
m entary rocks in the basin probably does not
exceed 1,000 feet. Isopachous m apping by Carlson
(1960) and Lochm an-B alk (1972) dem onstrates
that the present basin was sim ply a large embayUMR Journal, No. 3 (December 1982)

m ent on the western sh elf and was not structur
ally well defined. There apparently was a north
west slope into the w estern C anadian m iogeosyncline (Porter and Fuller, 1959).
Transgression occurred over a h ig h ly irregular
surface on Precam brian crystalline rocks (C arl
son, 1960). Present data indicate a hilly terrain
with a few large topographic prom inences, such as
the Nesson anticline. A s w ith m ost basal Sauk
units, the Deadwood is largely clastic and includes
m uch reworked weathered Precam brian m aterial.
The m iddle o f the D eadwood east o f the Nesson
anticline contains appreciable am ounts o f lim e
stone and lim estone conglom erate.
Carlson (1960) studied both the lithologic and
faunal aspects o f the Deadwood. He suggested that
the conodonts are of Early Ordovician age and that
the Deadwood is probably o f Late C am brian and
Early O rdovician age. The only conspicuous break
is between the Deadwood and the overlying W in
nipeg Form ation. A regional disconform ity sepa
rates the W innipeg from D eadwood rocks.

Tippecanoe Sequence
A second cycle o f transgression, sedim entation,
and regression com prises the M iddle Ordovician
through Silurian rock record o f the W illiston
basin. This cycle, the Tippecanoe Sequence (Figs.
5, 6), marks the beginning o f the W illiston basin
as a discrete structural depression with m arine
connections to the southwest (Foster, 1972). A l
though the transgressive phase (W innipeg Form a
tion) is clastic and includes a well developed basal
sand, the sequence is largely carbonate. Isopachous
studies o f the sequence and its individual rock
units suggest a southwesterly connection to the
western geosyncline through the present Central
Rockies. W hether or not this is a result o f late
erosional events is unknown. Sim ilarly, it is possi
ble that there was a m arine connection across the
Sioux arch to the eastern interior (Foster, 1972).
Carroll (1979), in a study o f the Red River Forma
tion, clearly showed the influence o f the Nesson
anticline block, Billings anticline, the eastern
N orth Dakota “ highs” , and several other struc
tures. Isopachs o f this form ation are particularly
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im portant in the study o f basin evolution, because
they have been unaffected by later erosional
events except along th e basin’s margin.
Carbonate rocks o f the Red River and Interlake
Form ations (Carroll, 1979; Roehl, 1967) were
deposited under shallow m arine and evaporite
sebkha environm ents. Although the basin was
well defined, there is little evidence o f any partic
ularly deep basinal sedim entation. The Red River
Form ation contains sh elf and lagoonal fabrics and
biotas (Carroll, 1979) as well as sebkha evaporites
and supratidal carbonates. Porosity developm ent
in the Red River is in part controlled by buried
Precam brian hills or structures. (D zone selective
dolom itization o f burrowed wackestones occurs on
the periphery o f the buried “ highs” because o f the
density o f dolom itizing brines, whereas higher A,
B, and C zone p orosity is rem nant after
supratidal/sebkha dolom itization on the more
crestal parts o f the highs (Carroll, 1979; Carroll
and Gerhard, 1979)(Fig. 7).)
TOP
RED RIVER

"A"

three lithologies: limestone, dolomite, and anhydrite in
ascending order, whereas “D” zone porosity is alterna
ting limestone and dolomite.

Is

POROUS ZONE

SEQUENCE

“B"

POROUS ZONE

SEQUENCE

-Q 0. W*

POROUS ZONE
SEQUENCE

"D"

ALTERNATING
POROUS/NONPOROUS

ZONE

BEDS

LOWER
RED RIVER
Fig. 7. a. Porosity zones in the Red River Formation.
Note that “A” , “B”, and “C” zones have alternation of
UMR Journal, No. 3 (December 1982)

d. Diagram showing how “A” , “B”, and “C” zone dolomite
porosity occurs on top of buried structures.
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e. Diagram showing “D” zone dolomite porosity occurring on the
flanks of buried structures.

f. Facies distribution during deposition of the “A”, “B” , and “C” zones,
showing supratidal dolomitization belt.

g. Facies distribution during deposition o f the “D” zone, showing
pond and subtidal organic limestone deposited on top o f lagoonal
burrowed muds.
All diagrams modified from Carroll, 1979, and Carroll and Gerhard,
1979.
UMR Journal, No. 3 (December 1982)
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Sedimentation was continuous through the pe
riod o f deposition o f the Red River Form ation and
the Silurian. R oehl (1967) carefully documented
the analogy betw een Silurian Interlake Forma
tion fabrics, structures, and geom etry and modern
Bahamian tidal flat features. Regression after
Silurian deposition resulted in at least a partial
karst surface development.

Kaskaskia Sequence
Kaskaskia Sequence rocks are perhaps the best
known o f the sequences because of their economic
importance and because there is more subsurface
data available fo r them than other groups. Thir
teen studies by North Dakota Geological Survey
and University o f North Dakota geologists of
separate K askaskia rock units are either com
pleted or in preparation for a volume, which will
UMR Journal, No. 3 (December 1982)

contain details of K askaskia sedim entation and
porosity development.
Limestones are the m ost characteristic lithol
ogy o f the sequence, but three episodes o f evaporite
deposition interrupt the carbonate pattern (Prai
rie, Three Forks, CharlesXFig. 8). W innipegosis
carbonates transgressed an eroded surface o f ear
lier Paleozoic rocks, represented by red and gray
shaly beds and carbonate breccias (Ashern).
W innipegosis sedim entation culm inated in the
development o f large strom atoporoid banks and
pinnacle reefs before basin restriction increased
salinity and induced Prairie evaporite deposition
Devonian seaways apparently opened northward
and isopachs o f the basin indicate a northward tils
for the structures (Fig. 9). The high point of the
Nesson anticline shifted southward with the ad
vent o f Devonian sedimentation. The Dawson Ba>
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Fig. 9. Isopachous map of the Kaskaskia Sequence in the Williston
basin.
and Souris River Form ations are not as well known
as other units but appear to m ark an initial influx
o f elastics and supratidal carbonates over older
deposits. W ater deepened again during Dawson
Bay tim e. Strom atoporoid reefs and banks flour
ished d u rin g D uperow sedim entation. The Birdbear (N isku) rocks are shaly m arine carbonates
with shallow sh elf faunas; farther north these
rocks are reefal.
The red and green siltstone and shales that
cover the Birdbear carbonates m ark a hiatus in
the m iddle o f K askaskia tim e. These elastics are
in turn overlain by initial transgressive deposits of
upper K askaskia tim e, the Bakken Shale, a petro
leum source rock and producer.
D uring the m id-K askaskia detrital interval, a

reorientation o f the seaways occurred so that dur
ing the Mississippian sedim entation, the W illiston
basin opened to the west through the central
M ontana trou gh (Bjorlie, 1979). In itial M issis
sippian sedim entation was a m ixture o f nearshore
lagoon al elastics and ap p aren t crin oid al mudm ounds (W aulsortian m ounds) in central North
D akota (Bjorlie, 1979).
M ississippian th ickn esses as com pared to
Devonian in th e basin reflect the change o f sea
ways. A ctivity in the Transcontinental arch may
have been responsible for th e Devonian northward
tilt; the M ississippian seaw ay may be related to
developm ent o f shear system s in central M ontana.
Crustal instability is suggested by angularity
betw een successive rock u n its o f Upper Devonian
UMR Journal, No. 3 (December 1982)
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Fig. 10. Generalized cross section of Mississippian rocks in the Williston basin showing the relationship of facies to
stratigraphic nomenclature. Modified from Carlson and Anderson, 1970.
and Lower M ississippian along the eastern mar
gin o f the basin.
K in derh ookian sedim entation in the M idcon
tinent is characterized by oolitic shelf carbonates.
The Lodgepole Form ation in the W illiston basin is
no exception (Heck, 1978). Upper Lodgepole rocks
are concentric facies with peripheral lagoonal
beds and oolite banks, basinward p elletal grainstones, and basinal flank and organic muds.
M axim um transgression occurred near the end
o f Lodgepole or early in M ission Canyon time.
M ission Canyon rocks are typically skeletal
wackestones w ith shoreward subaerial weathered
fabrics and sebkha evaporites. Some m arginal
evaporites form coevals with the weathered fab
rics and are im portant lateral seals for strati
graphic oil traps.
The carbonate-evaporite rocks are tim e regres
sive, w ith evaporites clim bing westward in the
section. Subaerial w eathering o f the skeletal
wackestones has produced a variety o f pisolitic
UMR Journal, No. 3 (December 1982)

and fenestrate fabrics, w hich form important oil
reservoirs (Gerhard and others, 1978)(Fig. 10).
Continued evaporite deposition in the Charles
Formation (salt) concluded Madison sedim enta
tion. Red beds, sebkha carbonate, and sandstone
sedimentation conclude Kaskaskia sedimentation.
These extra basinal sediments m ark the influence
o f the ancestral Rocky M ountains orogenic event
west and south o f the W illiston basin.

Absaroka Sequence
Regression during latest M ississippian tim es
marked the end o f the last major Paleozoic m arine
sedim entation phase. O rogenic events including
the Alleghenian, Ouachita, Arbuckle, and Ances
tral Rocky M ountain events, resulted in cratonic
uplift in the northern plains and Rocky M ountain
region. Absaroka sedim entation is characterized
generally by interfingering o f terrestrial clastic
sediments w ith m arginal m arine and evaporite
sediments (Fig. 12). Basal Absaroka rocks in the
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Fig. 11. a. Generalized sections o f map showing poros
ity development in the Frobisher Alida zone, Glenburn
Field, North Dakota. Episode 2 illustrates porosity
development by fresh water weathering and desiccation.
Episode 3 indicates the relative position of several
strandlines and depositional/diagenetic lithologies. Epi
sode 4 demonstrates the formation of porosity through
generation of vadose pisolite or caliche.

W illiston basin are the Tyler Formation estua
rine, bar and m arine sands and shales (Grenda,
1978; Ziebarth, 1964). Dense, m icrocrystalline
carbonates and fine-grained red and brown elas
tics o f the Am sden suggest m ore restricted depositional conditions. Broom Creek rocks are more
sandy and contain dense carbonates. This sug
gests the prograding o f sands into a hypersaline
basin. A n unconform ity at the top o f the Broom
Creek records a period o f subaerial exposure and
w eathering during the Perm ian. The rem ainder o f
Absaroka deposition includes hypersalinity in the
center o f the basin (Opeche Salt, Pine Salt) and
fine-grained fluvial sedim ents deposited around
the m argins as well as across the rest o f the basin.
Sources for Absaroka elastics are both southerly
from the Ancestral R ocky M ountains and from the
Canadian Shield and Sioux uplift. Tributary chan

b. Loferite shrinkage or desiccation voids overlain by
subaerial laminated crust, in turn overlain by pisolitic
loferites. Texota #1 Weber at 4600 feet. Scale on photo
is 3 centimeters long.

nels cut into the earlier Paleozoic rocks in the
northw est part o f the basin are filled w ith
Triassic(?) and Jurassic rocks (Fig. 13). Som e o f
these channels are several hundreds o f feet deep.
It is also possible that the Cedar Creek anticline
directed sedim ent flow into the central part o f the
basin.

Zuni Sequence
Jurassic and Cretaceous sedim entary rocks in
the W illiston basin make up a single large cycle o f
sedim entation (Fig. 14). A lthough an unconfor
mity exists betw een the Absaroka and Zuni Se
quences, the lithologies on either side o f the
UMR Journal, No. 3 (December 1982)
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Fig. 15. Stratigraphic section of Tejas Sequence rocks and sediments.
unconform ity are similar. Evaporites (including
salt), fine-grained red and brown elastics, and a
few dense m icrocrystalline carbonate beds com 
pose the lowest part o f each cycle. These rocks are
overlain by more fluvial, hum id-origin sedim en
tary rocks o f the Swift and M orrison Formations,
which also contain m arine glauconitic sands and
oolitic carbonate bars.
It is com m only thought that an unconform ity
truncates the top o f the Morrison. Rather than a
subaerial regressive exposure surface, it is sug
gested that this unconform ity is sim ply the m a
rine transgressive surface o f th e basal Cretaceous
Inyan K ara Sandstone.
Progressive deepening o f th e Western Interior
Cretaceous seaway provided for the deposition of
the rem ainder o f the Cretaceous m arine section
(Fig. 14). During deposition o f the upper part of
the Pierre Shale, increasing amounts o f sand
indicate regression o f the Cretaceous sea strand
line and the beginning o f form ation o f the clastic
wedge derived from erosion o f the Laram ide Rock
ies.
Further uplift, erosion, and volcanism in the
Laramide Rockies provided extensive quantities
of detritus to the W illiston basin. In Lower
Paleocene time, the last m arine setting in North
Dakota was the site o f deposition o f the Cannon
ball Formation; later Paleocene Ft. U nion sedi
ments covered and prograded over the Cannon
ball. Fluvial deltaic and paludal environm ents
were characteristic of later Paleocene time during
which extensive lign ite deposits were formed.
Cyclical or repetitive in nature, these deposits are
one part of the com bined Powder River and
W illiston basin detrital aprons from the Rockies.

Younger Sedimentary Deposits
D uring post-Zuni tim e (Tejas “Sequence” ), few
UMR Journal, No. 3 (December 1982)

indurated stratigraphic units were formed. Scat
tered lim estone and shaly sandstones w ith vol
canic ash form the tops o f the K illdeer M ountains
and have been correlated w ith the W hite River
(Oligocene) rocks o f South Dakota (Fig. 15). Some
indurated W hite River Form ation is exposed in
Bowman County, North Dakota, w here a classical
W hite River vertebrate fossil assem blage can be
collected.
Pleistocene sediments cover over three-quarters
o f North D akota and a considerable part o f the
M ontana portion of the W illiston basin. A lthough
carefully mapped and studied by a number o f
writers, they have no m ajor resource im portance
except for sand and gravel.

STRUCTURAL HISTORY
Until recent seismic and oil drilling exploration
programs were initiated, the W illiston basin was
generally regarded as a sim ple depressed saucer
with two positive structures, the Cedar Creek
anticline and the Nesson anticline. This is obvi
ously an oversim plified view o f the basin based
upon very lim ited data. The diagram m atic repre
sentation o f current data and theory (Fig. 2) is also
probably oversim plified. Before tracing the tec
tonic history o f the basin by studying the two
major anticlines, a b rief survey o f present struc
tural elem ents and o f depositional framework is
necessary. Phanerozoic sedim entation transgressed
from the west across a w eathered crystalline
terrain, m ostly of Churchill Province rocks, but
also across the C hurchill-Superior provincial
boundary. No basin was present in the early part of
the Paleozoic; only an indentation was present in
the north part of the western cratonic shelf,
although Precam brian blocks w ere protruding
from the sh elf floor (Carlson, 1960). Basinal d e
pression originated in the O rdovician (pre-
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ROCK TYPES
Evapori te s

Dolom ite

Lim estone

Sandy S ilte to n e

-I-J Shale

Sandstone

Fig. 16. Sequential maps showing marine communication directions of the Williston basin, a. Tippecanoe Sequence
showing connection to the Cordilleran miogeosyncline to the southwest and to the eastern interior to the southeast
across the Transcontinental arch. Modified from Foster, 1972. b. Lower Kaskaskia Sequence communication to the
Elk Point basin in Canada. Modified from Clark and Stern, 1968. c. Upper Kaskaskia showing communication with
the Cordilleran miogeosyncline to the Montana trough. Dark spots at the entrance and along the edges of the
Montana trough represent bank development. Some bank development is also hypothesized within the basin. Modified
from Bjorlie and Anderson, 1978. d. Absaroka Sequence showing a flood o f elastics from the southwest as well as
from drainages to the northeast and east. In all probability sediment flow from farther southeast also occurred.
Modified from Mallory, 1972, and Rascoe and Baars, 1972.
Tippecanoe) w ith a seaway connection apparently
to the southwest (Fig. 16a). This early connection
to the Cordilleran geosyncline was broken during
the Devonian by uplift on the Sioux arch and
associated structures along the Transcontinental
arch trend. U plift tilted the W illiston basin to the

north, effectively m oving the apex of the Nesson
anticline southw ard and opening the W illiston
basin to the E lk Point basin sea to the north (Fig.
16b).
M ississippian transgression coupled w ith sub
sidence o f the T ran scontinental arch system
UMR Journal, No. 3 (December 1982)
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Fig. 17. Diagrammatic cross sections of Nesson anticline showing structural development. Note the apparent reversal of fault movement during the

Resources of Williston Basin
changed the seaway connection to the Cordilleran
again but due west through the Central M ontana
trough (Fig. 16c). This connection persisted into
Absaroka tim e but w ith greatly reduced circula
tion. Clastics spread into the basin from the south
(Tyler) and from the southeast and northeast. It is
hypothesized that Sioux arch sedim ents entered
from the southwest, whereas drainage from the
Canadian sh elf flowed in from the northeast (Fig.
16d).

Cedar Creek and Nesson Anticlines
The two m ajor structures, the Cedar Creek and
Nesson anticlines, in the W illiston basin are both
oil productive and surface mappable, although the
Nesson is largely obscured by glacial cover. Be
cause o f the large am ounts o f subsurface data
available on these structures, their structural
developm ent can be docum ented (Figs. 17, 18).
Nesson anticline history was initiated in the
Precam brian. Lower D ead wood sediments were
deposited around, but not over, the crystalline core
o f the present anticline. Upper Deadwood sedi
ments are present on the top o f the structure.
Abrupt changes in thickness across the structure
indicate fault m ovem ent on the west flank o f the
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Nesson. Renewed activity along the fault also
affected W innipeg deposition. Erosion between
Deadwood and W innipeg rocks formed the SaukTippecanoe disconform ity. T h in n in g o f th e postW innipeg-pre-Devonian section is due to renewed
uplift w ithout faulting.
A second period o f norm al fault m ovem ent
occurred in th e p re-P ennsylvanian, post-M ississippian Big Snow y interval. This is evidence o f
A ncestral R ocky M ountain orogenic m ovem ent in
the W illiston basin. A m id-Perm ian event changed
the stress regim e. The form er normal fault changed
direction of m otion, up on th e west, rather than
down on the west.
Laram ide-related strain is evident during the
Cretaceous, w ith a reversal o f movem ent along the
Nesson fault in the pre-U pper Cretaceous. Since
that tim e, there is little evidence o f m ajor fault
movement, although m inor seism ic activity con
tinues along the Nesson trend. Cretaceous rocks
are folded across the structure and may also be
faulted.
A com parison o f structure in the basin con
toured on the top o f the Silurian Interlake Forma
tion (post-Tippecanoe) (Fig. 18) and on the Creta-

Fig. 18. Isostructural map on top o f the Silurian Interlake Formation showing geometry o f the Williston basin in
North Dakota. 1 is Billings anticline; 2, Little Knife anticline; 3, Bismarck-Williston trend; 4, Nesson anticline; 5,
Antelope anticline.
UMR Journal, No. 3 (Decem ber 1982)
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F ig . 19. Isostructural map on top of the Mowry Formation (Cretaceous). Compare to Figure 18. Closely spaced

contours on the west side of the Nesson anticline suggest post-Mowry faulting on that structure. Bismarck-Williston
trend appears to be well developed as well as is evidence for the Billings anticline. Little Knife anticline does not
appear to be as well defined at its horizon.

and steep dip on the west flank o f the Nesson
anticline as well as indications of the other major
structures in the basin. Comparison with a map of
structural elements (Fig. 2) shows that the Little
Knife and Billings anticlines, Antelope anticline,
and the Bismarck-Williston trend can be seen in
Silurian rocks better than in Cretaceous rocks.
There are also suggestions o f northeast-trending
anticlinal structures.
The asymmetry and steep dip on the west flank
o f the Nesson probably reflects Laramide fault
movement on that structure. Northwest-trending
structures in Cretaceous rocks underscore the
importance of this relatively unexplored struc
tural trend.
The Cedar Creek anticline has a somewhat
familiar history (Fig. 20) (Clement, 1975-80, per
sonal communication). Two periods o f fault move
ment on a western border fault zone occurred in the
pre-Middle Devonian and pre-Mississippian in
tervals, although no data are available to estab
lish a pre-Winnipeg or pre-Red River history.
A second fault zone east of the original zone was
created at the same time that the original fault
reversed direction to upward motion on the west
UMR Journal, No. 3 (December 1982)

ern block. This created a crestal graben on the
Cedar Creek anticline during ancestral Rocky
Mountain strain.
Pennsylvanian rocks were broken by continued
motion on the graben border faults. Unlike the
Nesson, fault motion apparently did not reverse
during the Cretaceous, although Cretaceous and
Paleocene rocks were deformed across the anti
cline.

Newporte Structure
In north-central North Dakota, the Shell 27X-9
Larson discovered oil in Deadwood Sandstone
(Fig. 21) (Clement and Mayhew, 1979). Continued
development o f this field demonstrated the com
plexity of early Paleozoic structural history of the
Williston basin as well as one of the rare oil wells
producing from Precambrian crystalline rocks
(Shell 14-34 Mott). Interpretative cross sections
(Fig. 22) suggest that Deadwood Sandstone was
deposited between Precambrian hills in part and
that pre-Winnipeg (post-Sauk, pre-Tippecanoe in
terval) erosion accompanied by pre-Winnipeg fault
ing created a small basin o f detritus from Deadwood and Precambrian rocks. W innipeg sedi-

Resources of Williston Basin

CEDAR CREEK ANTICLINE

POST SILURIAN*PRE-MIDDLE DEVONIAN
LATE DEVONIANssPRE-MISSISSIPPIAN

LATE MISSISSIPPIANsEARLY PENNSYLVANIAN

M ID - PERMIAN

PRE-MIDDLE JURASSIC

W

E
BASE JURASSIC „

l

1l 1!— » | * [

» |— I [

-1000'

—

-20 00
; ‘ 1 '/

V i v e b -^, ' <

Fig. 20. Diagrammatic cross sections across the Cedar Creek anticline. Modified from Clement, 1976. Note the second fault generated during the Late
Mississippian-Early Pennsylvanian episode, with concurrent reversal of movement on the original (westerly) fault.
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interval in the Deadwood Formation.
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b. Structure on top of the Winnipeg Forma
tion in the Newporte Field.

c. Shell Mott 14-34 showing producing in
tervals in the Precambrian and at the Win
nipeg Precambrian contact. Modified from
Clement and Mayhew, 1979, and Carlson,
personal communication.

Fig. 21. Newporte Field structure map and lithologic sections.
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m entation covered the structure bu t was in part
cut by at least one grow th fault.

Red Wing Creek Structure
One o f the m ost controversial and interesting
structures in the W illiston basin is the R ed W ing
Creek structure, w hich produces oil from a greatly
exaggerated thickness o f M ississippian rocks. A t
the tim e o f its discovery in 1972, this structure was
a seism ic anom aly w hich fit no pattern for
W illiston basin structures. E xhibits presented to
the N orth Dakota Industrial Com m ission during
the spacing hearing for the Red W ing Creek Field
interpreted this structure as an astrobleme. Suc
ceeding publications by Brennen and others (1975)
and Parson and others (1975) presented additional
data supporting this hypothesis.
Generally, it appears that sedim entation across
the structure follow ed norm al patterns for the
W illiston basin through Triassic (Spearfish) time.
In the Jurassic, a m ajor structural disruption o f a
very sm all area occurred (Fig. 23), w hich has been
interpreted by the previously cited writers as a
m eteorite impact. This event was apparently prePiper Formation, because real sandstones and
siltstones fill a ring depression on Spearfish and
below Piper, although in samples it is difficult to
distinguish true “ crater fill” from Spearfish For
m ation elastics. The discovery well (True O il 22-27
Burlington Northern) cut a very thick pay section
in disturbed M ississippian rocks. M uch o f the
picture o f the Red W in g Creek structure is appar
ently based on Seismic inform ation as w ell as
interpretation o f com plex w ell logs and samples.
Renewed movement o n bounding faults is seen as
high in this section as the Dakota Sandstone.
The central part o f the structure is an elevated
block, surrounded by a ring depression. The geom 
etry o f the structure is clearly crypto volcanic, and
it is difficult to argue against a m eteorite im pact
origin o f this com plex structure. Bridges (1978)
suggested a section o f several faults, which change
orientation through tim e as an alternate hypothe
sis (concentricline). Others, precluding myself,
suggested that this structure could also result
from deep seated igneous activity (diatrem e).
D etailed geochem ical analysis o f sam ples may
determ ine the validity o f the m eteorite im pact
hypothesis.

OIL AND GAS RESOURCES
Oil and gas are the prim ary energy resources o f
the W illiston basin, despite its large resource o f
lignite. It is difficult to separate the M ontana
W illiston basin production from other M ontana
production so that N orth Dakota production and
developm ent figures are used to dem onstrate the
UMR Journal, No. 3 (December 1982)

significance o f oil and gas from the U.S. part o f the
W illiston basin. North Dakota has approxim ately
70% o f the U.S. W illiston basin production and
drilling activity.
O il was discovered in the W illiston, basin in
M ontana on the Cedar C reek anticline (1936) and
in North Dakota on the Nesson anticline (1951).
Since that tim e, several significant cycles o f explo
ration success have been com pleted, m ostly in
N orth Dakota, and another is in progress (G er
hard and Anderson, 1979).
Dram atic expansion o f producing area has oc
curred during the present cycle, including new
producing counties, new pay horizons, and new
producing depths. M aps o f North Dakota produc
ing fields in 1970 and 1980 illustrate the resur
gence o f the W illiston basin as a m ajor oil province
(Figs. 24, 25). In 1970, there w ere about 20 active
locations in the entire basin; in 1980 there were
about 150 locations active on the average.
D uring the early developm ent o f the basin,
M ississippian (M adison G roup), D evonian
(Duperow Form ation), Silurian (Interlake Form a
tion), and Ordovician (Red River Form ation) w ere
mainstays o f production in the Cedar Creek and
Nesson anticlines. A fter flank developm ent o f the
Nesson anticline, discoveries o f M ission Canyon
Formation oil o ff the anticline in stratigraphic
traps along the northeast flank o f the basin kept
exploration program s active and added significant
daily production during the last part o f the 1950’s.
Decreased drilling success caused a decline in
activity bu t Red River exploration revived the
success in the early 1960’s. By 1965, though, oil
production peaked, and only independent opera
tors were active in the basin.
In 1972, after successive dry holes by a major oil
company, the True, Burlington N orthern 22-27
(SE NW 27-148-101), brought in the Red W ing
Creek Field, M cKenzie County, North Dakota
(Fig. 23). Typical basin net pays w ere 10 feet thick
or less; initial potentials w ere 100 barrels per day.
Red W ing Creek opened a m ajor lease play. In 
creasing oil prices and five-year-term lease expira
tions fueled a drilling boom , w hich in turn gave
North Dakota a billion barrel reserve. Total oil
resources o f the U.S. W illiston basin m ay be as
m uch as five billion barrels.
O il source rocks are com m only regarded to be
the W innipeg Formation, Bakken Shale, and Tyler
Formation dark shales and silts. Oils from these
rocks have been categorized into three types
relative to their presum ed sources (W illiam s.
1974).
*
I and others, who have studied the rock sections
in the basin, believe that m any producing horizons
self-sourced, that is, sufficient organic m aterial is
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Fig. 24. Producing fields in North Dakota 1952-1970.

present in the producing units to generate the oil
produced. Certainly, the Red River, Birdbear,
Duperow, Winnipegosis, and Madison, am ong oth
ers, have sufficient indigenous organics to provide
large quantities o f liquid hydrocarbons.
It is of interest that exploration and production
have followed technology. Initial production was
from Nesson anticline seism ic-origin prospects;
Amerada Petroleum Corporation drilled a string
o f successes 70 m iles long without a dry hole. An
interpretation o f basin geom etry progressed,
stratigraphic/structural traps were defined. Later,
in Bowman County, North Dakota, structural
seismic results successfully defined Red River
“bumps” . Stratigraphic plays and long-shot deeper
drilling sporadically generated interest until the
well-known unusual seismic configuration at Red
UMR Journal, No. 3 (December 1982)

W ing Creek becam e productive.
A t the present time, the basin has been sustain
ing ever increasing w ildcat success ratios, as
earlier listed. This increase in success is attrib
uted first, to the use o f the CDP seism ic method
second, to better reservoir geology, and third, to
completely revised testing and com pletion tech
niques.
Activity now is centered in western North
Dakota and the bordering M ontana counties. Tax
differentials between the two states keep a higher
number operating on the North Dakota side than
m ight otherwise be the case. Significant new
discoveries have been Little K nife M adison (109
wells, 125 m illion barrel reserve, 1977), M ondak
Madison (112 wells, unknow n reserves, 1977), and
the Billings anticline area Duperow, which con-
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Fig. 25. Producing fields in North Dakota 1980. Note the large expansion of the number of fields in western North Dakota south of the Nesson
anticline.
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Fig. 26. Graph showing total number of wells drilled in North Dakota in 1951 through
1980. Last three years’ numbers are shown.

tains many wells w ith initial potentials o f over
2.000 barrels a day and a few w ith potentials o f over
3.000 barrels.
Shallow gas plays are in their infancy in the
basin but are in process. A ir drilling is necessary
for adequate testing o f Pierre (Judith R iver and
Eagle Sands) and N iobrara rocks, but the rigs that
use this technique are uncom m on in the basin,
and surface holes can be a problem w ith air drilling.
Little testing has been done on the southeast
extension of the A ntelope anticline, an area that
has only recently been staked out as a major
potential hydrocarbon area. Stratigraphic traps
around the Cedar Creek, Nesson, and Poplar
anticlines are untested in the east as is m uch o f
the eastern and western basin flanks. The north
west shelf, west o f the Nesson anticline, holds
promise and has been tested m ostly on the M on
tana side of the basin. M any prospects rem ain to
be drilled.
UMR Journal, No. 3 (December 1982)

Financial impacts on the state o f North Dakota
brought about by the oil business are very signifi
cant. For the 1980’s, oil and gas-generated reve
nues will be the most significant single source o f
income to the State government.
O il development can be tracked by studying
graphs o f the activities and events. Total wells
drilled since the 1951-52 initial discovery period
(Fig. 26) rose from 1951 to 1958, sliding o ff rapidly
to 1963 and then more erratically to 1977. From
1977 to date, increases have occurred, with an
extremely rapid increase from 1977 through 1980.
The number o f w ildcat w ells (Fig. 27) is more
stable. Initial discovery period w ildcats form a
peak in 1954, the stratigraphic M ississippian play
peaked in 1958, Bowman County Red River play
wildcats peaked in 1964, and the shallow Dakota
Sandstone play had the highest num ber o f w ild
cats until 1980 (1968), although no discoveries
were made. Since 1972, although a m inor 1977
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Fig. 27. Graph showing number o f wildcats wells, 1941 through 1980.

peak occurs, w ildcat activity has steadily been up.
If new pool discoveries are com pared to the
preceding curves, the significance o f the present
developm ent boom becom es obvious (Fig. 28).
Except for the Dakota Sandstone wildcat program,
high levels o f w ildcat activity have a correspond
ing peak of new pool discoveries. However, the
num ber o f new pool discoveries per wildcats drilled
has risen dram atically in the last four years,
reflecting the very high w ildcat success ratios that
have been enjoyed.
Annual production levels reflect drilling activity
as well as other factors (Fig. 29). O riginal oil
production from the Nesson anticline discoveries
had already begun to level o ff w hen the Madison
Form ation stratigraphic traps north and north
east of the Nesson began to produce in 1955. This
production, coupled w ith the N esson anticline
fields, increased production until 1962. A slight
production decrease in 1963 was to be expected
because o f the total wells drilled and lack of
w ildcats (Figs. 24, 25). However, discovery o f the
Red River Formation production in southwestern
North Dakota (Bow m an County) gave a boost to
production from 1964 to 1966, w hen penultim ate
production was reached. The curve probably would
have peaked m uch earlier except for prorationing.
Production in North Dakota follow ed national

trends from 1966 to 1974. Continual decline o f
production here and elsewhere, coupled w ith in
creased consum ption, m eant increased imports.
However, two events occurred close together to
change W illiston basin production history signifi
cantly. First, the O rganization o f Petroleum E x
porting Countries (OPEC) was form ed and em 
placed production controls and price increases on
its m em bers’ production (first em bargo). Second,
Red W ing C reek Field was discovered in M cK enzie
County, N orth Dakota.
OPEC created the first substantial increase in
the volum e o f oil so that exploration could be
deem ed a profitable venture. (Prior to this, m any
com panies found that exploration risk m oney had
a better return in regular bank savings accounts
than in actual w ildcat drilling.) The price in
creases created risk capital, and, thus, exploratory
drilling was enhanced.
The Red W in g C reek discovery at the same tim e
excited basin oil operators because o f the rela
tively high productivity o f the w ells and because
o f the anom alously high pay section thickness.
Because no one really understood the nature o f the
Red W ing C reek structure at the tim e, industry’s
only possible response was to gain lease foothold
in the area. The lease play set o ff by the Red W ing
Creek discovery set the stage for m uch further
UMR Journal, No. 3 (December 1982)
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Fig. 28. Graph showing number o f new pool discoveries, 1951 to 1980. The 1980 number
appears to be approximately 57 discoveries.
development. The five-year-term leases o f western
North Dakota tend to increase exploratory activ
ity as compared to ten-year leases. The lease play,
coupled w ith the sudden availability o f venture
capital, caused exploratory drilling to begin to
increase in 1974 and 1975, in part in response to
the lease expiration dates.
Best prospects are drilled first, naturally, and
the results for N orth Dakota are history, as
recorded in the production curve. Two m ajor fields
were discovered in 1976— M ondak Mississippian
and Little K nife M ississippian. It w as quickly
apparent that these fields, especially Little Knife,
were prolific, large fields in W illiston basin ver
nacular, and a lease rush occurred, w hich is still
active today. The independents w ho kept the basin
oil industry going in the sixties are largely frozen
out o f the main activity now by high lease prices.
One example o f this is in state land sale values.
In 1970, the total bonuses paid for the year for
UMR Journal, No. 3 (December 1982)

state leases was $294,000. In 1978, the annual
total neared $20,000,000. In 1980, for the Iasi
quarter sale only, over $30,000,000 was paid.
The future for oil and gas production in the
W illiston basin looks brigh t for the next few years.
N ew rigs m oving in, m ajor exploratory programs
underway, and high lease prices all support a
continuation o f the present exploratory boom ,
w ith yet several years o f developm ent drilling
needed after decreased exploratory drilling occurs.

OTHER MINERAL AND ENERGY
RESOURCES
The W illiston basin contains two m ajor resources
besides hydrocarbons, although present produc
tion o f either does not begin to com pare to the
value o f the hydrocarbon resource. Lignite is
actively mined and is a significant energy and
revenue producer in N orth Dakota. Potash re
sources are not yet bein g m ined b u t serve as a
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Fig. 29. Annual oil production in North Dakota, 1951 through 1980. See text for
discussion of events on graph.
damper on potash prices in the world market,
especially on Canadian resources.
Deposition of Prairie Formation evaporites, after
restriction o f circulation in the Elk Point basin o f
Devonian tim e, has created a very large resource
o f salt and potash in the W illiston basin (Figs. 8,
16, 30). W ithin the Prairie Salt section, three
potash units occur, the Esterhazy, Belle Plaine,
and M ountrail Members (Anderson and Swinehart,
1979) (Fig. 31). A t the present time, potash is
being m ined by both conventional underground
and solution methods in southern Canada. A p 
proxim ately 50 billion tons o f potash lie south o f
the international border in North Dakota, w ith
additional resources in M ontana.
During the mid-1970’s, increasing world m ar
ket prices coupled w ith both export taxes on
Canadian potash and action by the Canadian
governm ent to take control o f the Canadian pot
ash mines created a flurry o f leasing and pre
m ining activity in North Dakota and Montana.
Because the depth to m inable potash in the United
States portion o f the basin precludes conventional
m ining techniques, solution m ining was planned
for North Dakota. A drop in the world price o f

potash ended the developm ent o f pilot plant m in
ing installations, but the resources are under
secure lease. A s production from the New M exico
deposits wanes, the W illiston basin deposits serve
to prevent any world potash cartel from major
price increases. The 50 b illion tons o f resources
insures the dom estic supply o f this critical m iner
al.
Lignite is a m ajor energy resource in the North
Dakota portion o f the basin (Fig. 32). Lignite
occurs as part o f the Cenozoic rock suite deriving
from erosion o f the Laram ide Rocky Mountains.
These rocks, generally called the Ft. U nion Group,
are mostly o f terrestrial origin, although the
Cannonball Form ation below the Ft. U nion is the
youngest m arine stratigraphic unit in this area
(Fig. 33). M ining is now exclusively by surface
techniques, b u t earlier in the history o f North
Dakota, underground w orkings were com m on but
are now a source o f major environm ental concern
as they collapse.
Because this is a low sulfu r but high water
content fuel, w aste o f the lign ite is utilized close to
the m ining site for electrical generation (Fig. 34).
Despite national need for additional energy reUMR Journal, No. 3 (December 1982)
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Fig. 30. Isopach map of the Prairie Salt in Montana and North Dakota showing the limit of the Prairie Salt.
Modification from Anderson and Swinehart, 1979.
sources, severe restriction on leasing o f reserved
Federal coal and State reclam ation policies have
held down production increases. Still, production
in N orth Dakota has doubled in the last five years
as new electrical generation plants have gone on
stream (Fig. 35). The 20-billion ton reserves and
350-billion ton resources specify that the lignites
w ill be major energy sources for decades.

SUMMARY
Geological analysis o f the W illiston basin has
benefited from expansion o f the subsurface data
base through renewed o il exploration, application
o f com puter techniques to data handling, and
detailed environmental and diagenetic analyses o f
cores and cuttings. Results o f the study o f these
new data indicate a m uch m ore structurally com
plex basin than heretofore realized.
Basin evolution in Phanerozoic tim e begins with
Sauk transgression across a rough Precam brian
topographic surface bu t without definition o f a
basin. Tippecanoe Sequence rocks result from
initial depression of the W illiston basin with
seaway connections west and southwest to the
Cordilleran m iogeosyncline.
D uring Kaskaskia tim e, m ovem ent along the
Transcontinental arch trend tilted the W illiston
basin northward, creating a m arine connection to
the north into the E lk Point basin during the
Devonian, while shutting off th e Tippecanoe Cor
UMR Journal, No. 3 (December 1982)

dilleran m arine connection. D uring the upper part
of Kaskaskia time (M ississippian), the northern
connection was cut off, and the W illiston basin
reconnected to the Cordilleran sea through the
Central M ontana trough.
Post-Kaskaskian (ancestral Rocky M ountain)
structural disturbance in the southern Rockies
disrupted sedim entation patterns and primary
carbonate-dominant lithologies in the basin. From
this time forward, clastic sedim entary facies pre
dominated in the W illiston basin w ith interspersed
evaporites and a few carbonates.
A full m arine setting was established during
the Cretaceous as part o f the Western Interior
seaway. Regression accom panying uplift o f the
Laramide Rockies provided paludal and fluvial
environments, which trapped m uch sedim ent
m oving eastward from the Rockies in Paleocene
times and assisted in the form ation o f extensive
lignite deposits.
Substantial quantities o f lignite, potash, and
petroleum are present in the W illiston basin.
Lignite m ining for electrical generation is a major
industry, but potash resources are not yet being
mined.
Oil and gas production is rapidly expanding in
the basin. Very high rates o f success in exploration
drilling have doubled oil production in the last
four years. Continued increases in oil production
are forecast for the next few years.
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Several new structural trends have been mapped
in recent years and are the basis for the increases
in oil production. Several o f the structural trends
now being mapped have not been substantially
explored.
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Fig. 32. Map showing distribution of strippable coal deposits in the Williston and Powder
River basins o f North Dakota, Montana, and Wyoming. Modified from U.S. Geol. Survey
Misc. Map MF-540.
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RESOURCES 3 5 0 BILLION TONS
R E S E R V E S 2 0 BILLION TONS
Fig. 33. Diagrammatic cross section of Paleocene rocks in western North Dakota showing relationship o f lignite
beds to stratigraphic units. Numbers at vertical dark lines refer to North Dakota Geological Survey drillhole control.
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Fig. 34. Map showing strippable lignite deposits and development areas o f lignite in North Dakota. Note the heavy
concentration of active or proposed usage o f lignite northwest of Bismarck. Modified and redrawn from Lerud 1982.
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Fig. 35. Graph showing production of coal (lignite) in North Dakota 1960-1979. Note steady increase in production
from 1966 to 1974 with a jump in 1976 and additional increases. These increases in 1976-79 apparently reflect
increasing demand for electrical generation replacing other sources of energy.
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